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Formation of Terrestrial Planets
Andre´ Izidoro and Sean N. Raymond
Abstract The past decade has seen major progress in our understanding of ter-
restrial planet formation. Yet key questions remain. In this review we first address
the growth of 100 km-scale planetesimals as a consequence of dust coagulation and
concentration, with current models favoring the streaming instability. Planetesimals
grow into Mars-sized (or larger) planetary embryos by a combination of pebble-
and planetesimal accretion. Models for the final assembly of the inner Solar Sys-
tem must match constraints related to the terrestrial planets and asteroids including
their orbital and compositional distributions and inferred growth timescales. Two
current models – the Grand-Tack and low-mass (or empty) primordial asteroid belt
scenarios – can each match the empirical constraints but both have key uncertainties
that require further study. We present formation models for close-in super-Earths –
the closest current analogs to our own terrestrial planets despite their very different
formation histories – and for terrestrial exoplanets in gas giant systems. We explain
why super-Earth systems cannot form in-situ but rather may be the result of inward
gas-driven migration followed by the disruption of compact resonant chains. The
Solar System is unlikely to have harbored an early system of super-Earths; rather,
Jupiter’s early formation may have blocked the ice giants’ inward migration. Finally,
we present a chain of events that may explain why our Solar System looks different
than more than 99% of exoplanet systems.
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Introduction
Over the last three decades significant progress has been made on our understanding
of how terrestrial planets form. On the theoretical side, this was in large part cat-
alyzed by interdisciplinary scientific efforts and technological advances (e.g., faster
computers, better software). Technology has also been crucial in driving observa-
tional advances. Although this field by necessity started within the context of our
Solar System, new observational and theoretical studies have provided a push to-
ward a more general, broadly-applicable framework.
Radioactive dating and the determination of chemical compositions of different
Solar System bodies have led to major advances. Constraints on the ages and com-
positions of different planets and small bodies directly connect with models of their
origins and interiors. Improvements in computational capabilities – both in hardware
to software – have enabled more sophisticated and realistic numerical simulations
that model a range of chemical and physical processes across all stages of planet
formation. Modern planet formation theories are at the interface of empirical stud-
ies, geochemical and cosmochemical analyses, and dynamical simulations. Yet the
formation of the terrestrial planets remains a subject of intense debate. At least two
different models can explain the origin of our inner Solar System. Each model is
based on different assumptions, left to be disentangled by future research.
Low-mass, potentially terrestrial exoplanets are a hot topic in astronomy. The
discovery of such planets has been a major success of planet-finding missions such
as NASA’s Kepler mission (Borucki et al. 2010a). The search for exo-terrestrial
planets is especially exciting because they are potential candidates for hosting life
as we know it. To date more than 3000 exoplanets have been confirmed but obser-
vations have found that most planetary systems have dynamical architectures strik-
ingly different from our own. Gas giant exoplanets have been observed on orbits
very different than those of Jupiter and Saturn, including very close-in hot Jupiters
and on very eccentric orbits (e.g. Butler et al. 2006a; Udry and Santos 2007a). Com-
pact systems of hot super-Earths – with sizes between 1 and 4 Earth radii; or masses
between 1 and 20 Earth mass – are systematically found orbiting their stars at dis-
tances much shorter than that of Mercury to our sun (Howard et al. 2010a; Mayor
et al. 2011a). This class of planet seems to be present around the majority of main
sequence stars (e.g. Howard et al. 2012a; Fressin et al. 2013a; Petigura et al. 2013a)
but no such planet exists in our inner Solar System. Given that most exoplanetary
systems look dramatically different than our own, should we expect those planets
to have formed in the same ways as our own terrestrial planets, or by completely
different processes?
In this article we review terrestrial planet formation in the Solar System and
around other stars. We discuss the dynamical processes that shaped the inner Solar
System and our understanding of different formation pathways that can explain the
orbital architectures of exoplanet systems. We present a path toward understanding
how our Solar System fits in the larger context of exoplanets, and how exoplanets
themselves can be used to improve our understanding of our own Solar System.
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Any successful model of Solar System formation must explain why Mars is so
much smaller than Earth and why the asteroid belt is so low in mass yet dynami-
cally excited. There are currently two models that can explain the inner Solar Sys-
tem. Likewise, any successful model for the formation of super-Earths must match
the observed distributions (e.g., the period ratio distribution). We will discuss the
relationships between super-Earths and true ‘terrestrial planets’, which are likely far
more different than one may expect based solely on their observed sizes/masses.
We will also discuss why the Solar System is particularly outstanding in its lack hot
super-Earths inside Mercury’s orbit.
This review is organized as follows. We first briefly discuss the early stages of
planet formation, from dust to planetesimals. Next we review the late stage of ac-
cretion of terrestrial planets focusing on the Solar System. We discuss the numerical
tools used to study terrestrial planet formation, the ingredients for such simulations
and specific Solar System constraints on those simulations. We present different
views for the origin of the inner Solar System and possible ways to discriminate
different models, concluding the section with a brief discussion of the long-term
dynamical stability of the inner Solar System. Next we turn our attention toward
terrestrial planet formation in the context of exoplanets. We discuss the orbital archi-
tecture of observed exoplanets and compositional constraints, the fate of terrestrial
planets in systems with hot super-Earths and gas giant planets, and the dynamical
evolution of exoplanet systems. Finally, we synthesize these different views and
paint a picture of the Solar System in the context of exoplanets.
The early stages of planet formation
Planet formation starts during star formation. The densest parts of a molecular cloud
of gas and dust collapses due to its own gravity forming a protostar (Shu et al. 1987;
McKee and Ostriker 2007; Andre´ et al. 2014). Conservation of angular momen-
tum turns the surrounding clump around the forming star into a circumstellar disk,
the birthplace of planets (e.g. Safronov 1972). The primary empirical evidence that
planets form according this paradigm is the geometry of our Solar System. The
planets’ orbits are almost perfectly coplanar and orbit the sun in a common direc-
tion. In the very early stages (as for the interstellar medium) protoplanetary disks
are 99% gas and 1% dust grains or ice particles (e.g. Williams and Cieza 2011).
Despite the two orders of magnitude difference in abundance between these com-
ponents, a disproportionately large part of planet formation studies have focused
on the solid component. The gas component of the disk is much harder to observe
because the gas only emits at specific wavelengths depending its composition and
these emission lines also requires high resolution spectroscopy to be resolved (Na-
jita et al. 2007; Williams and Cieza 2011; Dutrey et al. 2004). On the other hand,
the solid counterpart has been used quite successfully as a disk tracer. Imaging of
dust emission at infrared and submillimetre wavelengths and coronagraph imaging
of scattered light at optical and near infra-red wavelengths have confirmed the dis-
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tribution of dust in rotating, pressure supported disk-like structures (e.g. Smith and
Terrile 1984; Beckwith et al. 1990; O’dell and Wen 1994; Holland et al. 1998; Ko-
erner et al. 1998; Schneider et al. 1999). Large far-infrared excesses also suggest
that protoplanetary disk are not two-dimensional structures but rather possesses a
vertical height that increases with radius known as flaring (Kenyon and Hartmann
1987). Recent observations from the ALMA have revealed never-before-seen details
of planet forming-disks around young stars which shows carved ring-type structures
(van der Marel et al. 2013; Isella et al. 2013; ALMA Partnership et al. 2015; Nomura
et al. 2016; Fedele et al. 2017). These structures have been interpreted as signposts
of planet formation in action (Dong et al. 2015) or dust responding to the gas mainly
via drag redistribution (e.g. Takeuchi and Artymowicz 2001; Flock et al. 2015).
Solids orbit the star at the nominal Keplerian speed. Gas orbits the star at a
slightly sub-Keplerian orbital velocity because protoplanetary disks are partially
supported against the central star’s gravity by a radial gradient in gas pressure. When
the disk forms, dust is well mixed with the gas, but dust grains tend to settle into
the disk mid-plane due the action of stellar gravity(e.g. Weidenschilling 1980; Nak-
agawa et al. 1986). Observations and simulations suggest that the disk itself falls
into the central stars as consequence of radial angular momentum transport across
the disk (e.g. Papaloizou and Lin 1995; Balbus 2003; Dullemond et al. 2007; Ar-
mitage 2011). As the disk loses mass by accretion into the star and also through
photo-evaporation by ultraviolet and X-ray radiation (Gorti and Hollenbach 2009) it
eventually evolves from optically thick to optically thin (Alexander et al. 2014). The
lifetime of protoplanetary disks has been estimated from stellar spectroscopy of gas
accretion on to the star, magnetospheric accretion models, and infra-red excess mea-
surements in the hot/inner parts of the disk to be shorter than a 10 Myr (Haisch et al.
2001; Hillenbrand 2008; Mamajek 2009). Dust grains absorb stellar photons and
reradiate them at different wavelengths depending on its temperature (e.g. Williams
and Cieza 2011). Most observed disks in stellar clusters show no sign of near infra-
red excess after 3 Myr (e.g. Mamajek 2009). The lifetimes of protoplanetary disks
is a fundamental constraint on planet formation.
It is convenient to divide planet formation into steps. Different physical and
chemical process are at play at different stages of planetary growth, from dust grains
to gas giants. For example, while the growth of micrometer-sized dust grains growth
is driven by forces at the intermolecular level, the growth of km-sized and larger
bodies is dominated by gravity. In addition, it is currently impossible to use nu-
merical simulations to model the complete process of planet formation because of
modeling and numerical limitations. In the following sections we briefly discuss
each stage of planet formation. Namely, we discuss the growth from dust to peb-
bles, pebbles to planetesimals, planetesimals to planetary embryos, and planetary
embryos to planets.
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From dust to pebbles
The solids available for planet formation are not uniform across a planet-forming
disk. At any given radius, only species with condensation/sublimation temperatures
below the local temperature can exist as solids (Grossman and Larimer 1974). This
leads to the concept of condensation or sublimation fronts, the best-known of which
is the water ice snow line. Of course, as the disk cools in time, the locations of dif-
ferent condensation fronts sweep inward (e.g. Lecar et al. 2006; Dodson-Robinson
et al. 2009; Hasegawa and Pudritz 2011; Martin and Livio 2012). Iron and silicates
are abundant in the inner regions of the disk while the outer regions are rich in ice
and other volatiles (Lodders 2003). The first stage of planetary growth starts from
the growth of micrometer sized dust/ice grains up to millimeter and cm-sized dust
aggregates (e.g. Lissauer 1993). This view is well supported by disk observations
and chondrite meteorites in our collections. Observations of young stellar objects at
millimeter and centimeter wavelengths detect dust grains at these size ranges (Testi
et al. 2003; Wilner et al. 2005; Rodmann et al. 2006; Brauer et al. 2007; Natta
et al. 2007; Ricci et al. 2010; Testi et al. 2014; Ansdell et al. 2017). Yet, primi-
tive meteorites are mainly composed of millimeter-sized silicate spheres known as
chondrules (Shu et al. 2001; Scott 2007) cemented together by a fine-grained ma-
trix of calcium aluminum rich inclusions (CAIs), unprocessed interstellar grains and
primitive organics (Scott and Taylor 1983; Scott and Krot 2014). CAIs are thought
to have been the first solids to condense in the protoplanetary disk, around 4.567
Gyr ago as estimated from the decay of short-lived radionuclides as for example
26Al, which decays to 26Mg with a half-time of ∼0.7 Myr (e.g. Bouvier and Wad-
hwa 2010; Dauphas and Chaussidon 2011). Chondrule formation may have started
at the same time CAIs were forming and probably it last up to a few million years
(Connelly et al. 2012). Chondrules may be splashes or impact jets produced dur-
ing planetesimal collisions (e.g. Asphaug et al. 2011; Johnson et al. 2015; Wakita
et al. 2017; Lichtenberg et al. 2017) but their properties are more consistent with be-
ing rapidly-heated aggregates of mm-sized silicate dust grains (Desch and Connolly
2002; Morris and Desch 2010).
Indeed, laboratory experiments and numerical simulations suggest that the first
stage of dust/ice growth is characterized by hit-and-stick collisions (Blum and Wurm
2000; Blum et al. 2000; Poppe et al. 2000; Gu¨ttler et al. 2010; Testi et al. 2014). The
effects of electrostatic charges and magnetic material have been proposed as impor-
tant for the interaction and growth of dust grains in protoplanetary disks (Dominik
and Nu¨bold 2002; Okuzumi 2009) but growth is probably mainly dictated by adhe-
sive van der Wals forces (Heim et al. 1999; Gundlach et al. 2011). Micrometer sized
dust grains grow to larger fluffy porous aggregates by sticking (Blum and Wurm
2008) and are eventually compacted by collisions to mm or cm-sized grains (Ormel
et al. 2007; Zsom et al. 2010). There is a general consensus that collisional growth
of micrometer-sized dust grains is efficient up to mm to cm range in sufficiently
dense regions of protoplanetary disks.
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From pebbles to Planetesimals
Further growth of mm and cm-sized particles faces several obstacles (e.g Testi et al.
2014). This subject is one of the most active current research areas in planet forma-
tion.
Numerical and laboratory experiments suggest that colliding millimeter and cen-
timeter sized dust grains do not grow up to meter and kilometer sized bodie (Chokshi
et al. 1993; Dominik and Tielens 1997; Gorti et al. 2015; Krijt et al. 2016). Depend-
ing on particles’ sizes and impact velocities, colliding dust particles and/or aggre-
gates may bounce off of each other instead of growing (e.g. Wada et al. 2009). This
is known as the “bouncing barrier” (e.g. Zsom et al. 2010; Birnstiel et al. 2011; Testi
et al. 2014). While the bouncing barrier poses a challenge to the growth of similar-
size dust grains colliding at energetic speeds, it may not represent the end of dust
growth. Energetic impacts between small projectiles and relatively larger targets can
lead to mass transfer, helping to alleviate the bouncing barrier problem (Wurm et al.
2005; Teiser and Wurm 2009; Kothe et al. 2010; Windmark et al. 2012a,b). How-
ever, even if mm or cm-size bodies can grow by pair-wise collisions (e.g. Okuzumi
et al. 2012) they face another challenge to reach the kilometer size scale. Because
the gas’ orbital speed is slightly sub-Keplerian, a particle on a Keplerian orbit feels
a headwind that provides a drag force (Whipple 1972; Adachi et al. 1976; Weiden-
schilling 1977; Haghighipour and Boss 2003). Only sufficiently small particles that
are strongly coupled to the gas do not drift as consequence of this aerodynamic ef-
fect. However, decimeter to meter-sized particles lie in a regime where they feel a
very strong gas drag and spiral inwards very rapidly. A 1-meter size object at ∼1
AU in a typical disk falls toward the star in∼ 100 years (e.g Weidenschilling 1977).
Particles of different sizes drift towards the star at different speeds. Large differ-
ential radial speed of these particles result in collisions at high speeds, leading to
bouncing, fragmentation or erosion (Krijt et al. 2015). This problem is known as the
drift-fragmentation “barrier”.
Another mechanism may explain how nature overcomes these barriers to pro-
duce macroscopic solid bodies. The idea is to bypass the critical size for rapid par-
ticle drift. If self-gravity is strong enough then planetesimals may form by gravita-
tional collapse (Goldreich and Ward 1973; Youdin and Shu 2002; Johansen et al.
2014). In order for mm or cm size particles to collapse they must be locally concen-
trated enough. Although these particles sediment to the disk mid-plane, the collapse
of a dense mid-plane layer is generally prevented by turbulent diffusion (Weiden-
schilling 1980; Cuzzi et al. 2008; Johansen et al. 2009). Gravitational collapse only
takes place if the local density is high enough to satisfy the following condition:
1 > (9Ω 2c )/(4piρcG), where Ωc is the Keplerian angular velocity at the clump loca-
tion, G is the gravitational constant and ρc is the mean bulk density of the potentially
collapsing clump (e.g. Johansen et al. 2012b; Binney and Tremaine 2008; Rein et al.
2010; Shi and Chiang 2013). The latter expression is essentially the Toomre stability
criterion for gravitational collapse (Toomre 1964) and it measures the interplay be-
tween stabilizing rotation, de-stabilizing self-gravity, and stabilizing pressure of the
clump (Binney and Tremaine 2008). Different mechanisms may operate to concen-
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trate particles locally in the gaseous protoplanetary disk at required levels for col-
lapse (see for example Balbus and Hawley 1991; Kretke and Lin 2007; Lyra et al.
2008b; Brauer et al. 2008; Lyra et al. 2008a, 2009; Chambers 2010; Drazkowska
et al. 2013; Squire and Hopkins 2017).
Turbulent motion of the gas may also concentrate particles in eddies of rotating
turbulent small gas structures (Cuzzi and Weidenschilling 2006; Chambers 2010).
Instabilities such as the vertical shear instability (Nelson et al. 2013; Lin and Youdin
2015; Barker and Latter 2015; Umurhan et al. 2016) and the baroclinic instability
(Lyra and Klahr 2011; Raettig et al. 2013; Barge et al. 2016; Stoll and Kley 2016)
are also potential candidates for creating overdense regions in the disk (Johansen
and Lambrechts 2017). Drifting particles may also be trapped at localized higher
pressure regions in the disks known as pressure bumps (Weidenschilling 1980). In
the vicinity of a pressure bump the pressure gradient is positive such that gas is
accelerated, sometimes reaching super Keplerian speeds. Particles drifting inward
are slowed down, halted or even reversed depending on the steepness of the local
pressure gradient (e.g. Haghighipour and Boss 2003). Pressure bumps may exist as
a result of a sharp transition in the disc viscosity or due to the tidal perturbation
from a sufficiently large planet (for a more detailed discussion see reviews by Chi-
ang and Youdin 2010; Johansen et al. 2014; Johansen and Lambrechts 2017). If the
local density in solids increases by an order of magnitude at the pressure bump the
level of turbulence may be significantly counterbalanced allowing planetesimal for-
mation by gravitational collapse (Youdin and Shu 2002). The local density may also
be sufficiently increased by the delivery of slowly drifting small particles released
during fragmentation/sublimation of larger bodies as consequence of their entrance
in hotter regions of the disk (Sirono 2011; Ida and Guillot 2016). This may be well
the case of mm or cm-sided pebbles forming in the water and volatiles-rich outer
regions of the disk and drifted inwards crossing the disk water iceline (a particular
distance from the central star where water in the protoplanetary condenses as ice
solid grains). If inward drifting pebbles cross the iceline their water-bulk compo-
nent sublimates and small solid silicate/metals grains in their interior are released
(Morbidelli et al. 2015a).
The back-reaction friction force from the particles (mm or cm-sized) on the gas
also plays an aerodynamic role for concentrating particles locally in the disk (Youdin
and Goodman 2005). Because the gas is at sub-Keplerian speed, the back reaction
of gas drag felt by a solid particle tends to accelerate the gas. If mm or cm-sized
solid particles cluster sufficiently their collective back reaction becomes more pro-
nounced and this reduces the speed at which the cluster drifts inwards. This allows
that individual particles drifting at nominal drift speed from the outer regions of the
disk to join the slowly inward drifting forming-cluster (Johansen and Youdin 2007).
The successive addition of new members to the cluster increases the local density
of solids and further reduces the cluster’s drift rate (Nakagawa et al. 1986; Johansen
et al. 2012c). If the local dust/gas ratio meets a threshold for starting the collapse,
the cluster shrinks sufficiently due to energy dissipation by gas drag and collisions
and the gravitational collapse may be successful in forming planetesimals in the
range of sizes from ∼1 to ∼1000 Km (Johansen et al. 2007; Bai and Stone 2010;
8 Andre´ Izidoro and Sean N. Raymond
Simon et al. 2016; Scha¨fer et al. 2017; Carrera et al. 2017). This gas drag assisted
mechanism has been named “streaming instability”. Streaming instabilities may be
triggered preferentially outside the disk snowline where ice sticky particles form
(Drazkowska and Dullemond 2014; Armitage et al. 2016a; Drazkowska and Alibert
2017). Although many questions remain (see chapters by Andrews and Birnstiel),
this scenario constitutes an appealing solution to how planetesimals form.
From planetesimals to planetary embryos
Once km-sized planetesimals have formed, their mutual gravity starts to play an
important role. At this stage, planetesimals may grow in two different regimes, either
by collisions between planetesimals or by accreting the remaining mm or cm-sized
grains in the gas disk. We first discuss the scenario where planetesimals grow by
mutual accretion.
Planetesimal-planetesimal growth
Let us assume that there exists a population of planetesimals with N members and
total mass Nm at 1 AU. These planetesimals have formed by a combination of the
mechanisms described above, and are still embedded in the gaseous protoplanetary
disk. The initial masses and physical radii of individual planetesimal are denoted
m and R, respectively. Under mutual gravitational interaction these planetesimals
evolve dynamically as they collide and scatter each other. Close encounters between
planetesimals increase their random velocities by increasing their orbital inclina-
tions and eccentricities. The random velocity vrnd represents the deviation of the
planetesimal’s velocity relative to a Keplerian circular and planar orbit at its loca-
tion:
vrnd = (
5
8
e2 + i2)1/2vk, (1)
where e and i are the planetesimal’s orbital eccentricities and inclinations (Safronov
1972; Greenberg et al. 1991). vk =
√
GM
r is the planetesimal Keplerian velocity,
where G is the gravitational constant, M is the mass of the central star, and r is the
planetesimal’s orbital radius.
Relative velocities among planetesimals determine how fast they grow. What is
important is the ratio of their random velocities to the local Keplerian velocity and
the differential shear across the Hill radii of interacting bodies. The Hill radius RH
of a planetesimal orbiting a star with mass M is defined as
RH = a
(
m
3M
)1/3
, (2)
where a and m are the planetesimal’s semi-major axis and mass, respectively.
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Gravitational scattering among planetesimals is in the shear-dominated regime
when vrnd <RHΩ and in the dispersion-dominated regime when vrnd >RHΩ , where
Ω is the local Keplerian frequency. In the shear-dominated regime, planetesimals
during a close-encounter spend some time close to each other. In this case, grav-
ity may sufficiently deflect their orbits and “focus” their trajectories towards each
other. This effect increases their collision probability and speeds up growth. How-
ever, in the dispersion-dominated regime interacting planetesimals spend little time
close to each other because of their high relative speeds. Gravitational focusing is
less efficient, which decreases their collision probabilities increases the accretion
timescales.
Random velocities of planetesimals are also damped by dissipative effects. These
include physical collisions (Goldreich and Tremaine 1978), gas drag (Adachi et al.
1976) and gas dynamical friction (Grishin and Perets 2015). The balance between
excitation and damping changes over time as the disk dissipates and planetesimals
grow.
Planetesimals grow to planetary embryos to planets in three different regimes.
In the so called “Runaway growth” regime larger planetesimals grow faster than
smaller ones forming the first planetary embryos. In the “orderly growth” regime
planetary embryos enters in the regime where they grow roughly at the same rate,
eventually forming planets. The “Oligarchic growth” regime is an intermediate sce-
nario.
One can write the accretion rate of a planetesimal with mass m as (Safronov
1972; Ida and Nakazawa 1989; Greenzweig and Lissauer 1990; Rafikov 2003c)
dm
dt
' piR2ΩΣ vrnd
vrnd,z
(
1+
2Gm
Rv2rnd
)
, (3)
where R is the planetesimal physical radius, Ω is the planetesimal Keplerian fre-
quency, Σ is the local planetesimal surface density, and vrnd,z 6= 0 is the averaged
planetesimal velocity in the vertical component. In Equation 3, the term 2Gm
Rv2rnd
rep-
resents the gravitational focusing and it is simply the ratio of the scape velocity
from the planetesimal surface to the relative velocity of the interacting planetesi-
mals squared. Also in Eq. 3, Σ ≈NmH where N is the is the surface number density
of planetesimals, m is the averaged masses of planetesimals and H ≈ vrnd,z/Ω rep-
resents the vertical thickness of the region where planetesimals are in the disk. Eq.
3 neglects bouncing, fragmentation or erosion during collisions.
So-called “dynamical friction” plays an important role during accretion. Be-
cause of angular momentum transfer, during close-encounters with smaller bodies
the largest planetesimals tend to have their orbital eccentricities and inclinations
damped. As result, their random velocities decrease, favoring strong gravitational
focusing for those large bodies. If (1) gravitational focusing is large (or planetes-
imal are small); (2) planetesimals’ random velocities are roughly independent of
their masses (vrnd and vrnd,z); and (3) growth does not strongly affect the surface
density of planetesimals, then the Equation 3 may be simplified as (Wetherill and
Stewart 1989; Kokubo and Ida 1996)
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1
m
dm
dt
≈ tgrow,run ≈ Σ 1vrnd,z
m1/3
vrnd
≈ m1/3. (4)
Note that the m1/3 term arise simply from R≈ m1/3. In this regime the accretion
rate increases for more massive planetesimals. If m1 and m2 are the masses of two
planetesimals in the disk where m1 > m2 then in the runaway growth
d(m1/m2)
dt > 0.
This is the so called “Runaway growth” regime of planetesimal accretion.
Of course, the runaway growth regime must include its fair share of non-
accretionary collisions (Leinhardt and Richardson 2005; Stewart and Leinhardt
2009). If small fragments are produced as the outcome of collisions during the run-
away growth they may have a second chance to be accreted by other planetesimals if
the gaseous disk has not yet dissipated. Small fragments’ orbits are quickly damped
by gas drag which in turn increases their gravitational focusing and the probably
of being consumed by larger planetesimals (Wetherill and Stewart 1993; Rafikov
2004). However, this is only possible if small fragments do not drift inwards too
quickly too be accreted (Kenyon and Luu 1999; Inaba et al. 2003; Kobayashi et al.
2010) .
The first population of planetary embryos emerges from the largest planetesi-
mals growing by runaway accretion (Kokubo and Ida 1996; Ormel et al. 2010b).
Gravitational perturbations from emerging embryos then start to dominate over the
influence of smaller planetesimals and the growth regime changes. Embryos in-
crease the random velocities of planetesimals and change the local surface density
of planetesimals (Tanaka and Ida 1997). The local velocity dispersion thus depends
on the embryo mass. This causes a transition to a new regime in which the em-
bryo/planetesimal growth rate takes the form (Wetherill and Stewart 1989; Kokubo
and Ida 1996)
1
m
dm
dt
≈ tgrow,orl ≈ Σ 1vrnd,z
m1/3
vrnd
(5)
This mode of growth is denominated “Oligarchic” and it is a phase between the run-
away and orderly growth regimes. The oligarchic growth rate depends on the scaling
of Σ , vrnd and vrnd,z (Rafikov 2003c). In this regime planetary embryos still grow
faster than planetesimals. Thus, if m1 represents the mass of a planetary embryo and
m2 the mass of a planetesimal,
d(m1/m2)
dt > 0. However, small planetary embryos (m2)
may grow faster than larger ones d(m1/m2)dt < 0. According to (Ida and Makino 1993)
the transition from the runaway to the oligarchic regime occurs when the masses in
planetary embryos is about 2 times larger than the counterpart in planetesimals (but
see Ormel et al. 2010a, for a different criterion).
The oligarchic regime generates a bi-modal population of planetary embryos and
planetesimals. The total mass in embryos is smaller than the total mass in planetes-
imals. Embryos growing in the planetesimal sea delimit their own regions of gravi-
tational influence. Planetary embryos are typically spaced from each other by 5-10
mutual Hill radii (Kokubo and Ida 1995, 1998, 2000; Ormel et al. 2010b), where the
mutual Hill radius of two embryos with masses mi and m j and semi-major axes ai
and a j is defined as
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RH,i, j =
ai+a j
2
(
mi+m j
3M
)1/3
. (6)
If two embryos come closer than a few mutual Hill radii, they scatter each other
and increase their orbital separation to again be larger than ∼5RH,i, j. After embryo-
embryo scattering events, dynamical friction (or gas drag) tends to circularize their
orbits and damp orbital inclinations if there is enough mass in planetesimals or gas
in the embryo’s vicinity.
Figure 1 shows the growth of planetesimals and embryos during the oligarchic
growth regime (Ormel et al. 2010b). Three snapshots in the system’s are shown.
The code uses a Monte Carlo method to calculate the collisional and dynamical
evolution of the system (Ormel et al. 2010b) and tracer particles to represent swarm
of small planetesimals. This approximation reduces the number of iterations needed
to solve the system’s dynamical evolution while maintaining to some degree the
individual nature of particles. Figure 1 shows that after 0.18 Myr two prominent
planetary embryos with physical radius larger than 1000 km emerge in the disk with
mutual separation of a few Hill radii.
sc
al
ed
ve
lo
ci
ty
Fig. 1 Planetesimal and planetary embryo growth during the oligarchic regime. Dots represent
swarms of planetesimals which are dynamically evolved as a single entity. The dot size scales as
m1/3s where ms is the swarm total mass. Individual large bodies are shown as diamonds. The color
represents the scaled random velocities of the bodies. The red bar intercepting the largest bodies
in the system represents the respective size of their Hill radius. Figure adapted from (Ormel et al.
2010b)
Pebble accretion: from planetesimals to planets
If planetesimals form early they may accrete dust grains drifting within the disk. The
existence of such grains in planet-forming disks has been observationally confirmed
(e.g. Testi et al. 2014). The accretion of mm or cm-sized grains by a more massive
body is commonly known as pebble accretion (Johansen and Lacerda 2010; Ormel
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and Klahr 2010; Lambrechts and Johansen 2012a; Johansen et al. 2015; Xu et al.
2017).
Pebble accretion can be much faster than planetesimal accretion and may solve
some long-standing problems. In the “core accretion” scenario, a gas giant planet
forms by the accretion of gas onto a ∼10M⊕ masses (Mizuno 1980; Pollack et al.
1996). To become a gas giant a core must form before the gaseous disk disperses
otherwise. However, simulations of planetesimal growth struggle to grow the cores
of Jupiter or Saturn within a typical disk lifetime (e.g. Thommes et al. 2003; Levison
et al. 2010).
Millimeter- to centimeter-sized pebbles spiral inwards rapidly due to gas drag
(Adachi et al. 1976; Johansen et al. 2015). The dynamical behavior of a single
drifting pebble approaching a planetesimal from a relatively more distant orbit is
determined by a dramatic competition between gas drag and its mutual gravitational
interaction with the larger body. It is assumed that the planetesimal is sufficiently
small and that it does not disturb the background gas disk structure (e.g. gas disk ve-
locity and density). Two end-members outcomes are possible during the encounter
pebble-planetesimal. The pebble may either cross the planetesimal orbit without
being accreted or may have its original orbit sufficiently deflected to be accreted.
Pebble accretion onto sufficiently large bodies can be extremely fast. However,
planetesimals (or planetary embryos) cannot grow indefinitely even if the pebble
flux is high. As an embryo grows, it gravitationally perturbs the structure of the
gaseous disk. Eventually, the growing body opens a shallow gap and creates a local
pressure bump outside its orbit. If the pressure bump is sufficiently high, particles
entering the bump are accelerated by the gas and stop drifting inwards. At the “Peb-
ble isolation mass” Miso an embryo or planet stops accreting pebbles,
Miso = 20
(
Hgas/ap
0.05
)3
M⊕, (7)
where Hgas is the gas disk scale height (Lambrechts et al. 2014; Morbidelli and
Nesvorny 2012). It is worth noting that two recent studies have proposed that peb-
bles may be partially or even fully evaporated/destroyed before they can reach the
accreting core. This effect may become important before the core reach isolation
mass (Alibert 2017; Brouwers et al. 2017). Further study is needed to understand
exactly how this effect limits embryo growth by pebble accretion.
From planetary embryos to planets
If embryos grow to be ∼100 times more massive than individual planetesimals the
random velocities of planetesimals scale as vrnd ≈ m1/3. Also, it is possible that by
this stage the gaseous protoplanetary has dissipated, removing the dissipative mech-
anisms of gas drag and gas dynamical friction. In such an environment, gravitational
focusing becomes negligible and this drastically lengthens the accretion timescale.
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Given that vrnd ≈ vrnd,z (Rafikov 2003c) Eq 3 takes the form
1
m
dm
dt
≈ tgrow,ord ≈ Σ vrndvrnd,zm
−1/3 ≈ Σm−1/3 (8)
In this mode of growth, termed “orderly growth” or “late stage accretion” Σ de-
creases because massive embryos accrete or scatter nearby planetesimals and open
large gaps in the disk (Tanaka and Ida 1997). At this stage, most of the mass is
carried by embryos rather than planetesimals. All planetary embryos grow at a
similar rate and their mass ratios tend towards unit. Considering m1 and m2 the
masses of two planetary embryos in this regime, where m1 > m2, this scenario re-
sults d(m1/m2)dt ≈ 0.
Orderly growth is marked by violent giant collisions between planetary em-
bryos, scattering and ejection of planetesimals and planetary embryos. The system
evolves chaotically and the planetesimals population decreases drastically. Assum-
ing that 50% of the total mass in planetesimals is carried by embryos (Kenyon
and Bromley 2006), the mass of an embryo at the start of orderly growth is
Mord =
∫ r+∆r/2
r−∆r/2 2pir
′Σ(r′)/2dr′ ' pir∆rΣ , where ∆r corresponds to the width of
the feeding zone of the embryo and r is the planetary embryo heliocentric distance
(Lissauer 1987). The size of the feeding zone of a embryo typically ranges between
a few to 10RH . In our Solar System, embryos probably reached masses between
those of the moon and Mars in the terrestrial region. This is consistent with the typ-
ical masses of planetary embryos produced in oligarchic regime (Kokubo and Ida
2000; Chambers 2001). The oligarchic growth timescale of a Mars-mass embryo
with bulk density ρp = 3g/cm3 orbiting at ap = 1AU and interacting with planetes-
imals with average random velocities vrnd = vrnd,z = 0.02vk is about 0.37 Myr for
a local surface density in planetesimals of Σ = 10g/cm2. The growth timescale of
this same planetary embryo in the orderly regime is about two orders of magnitude
longer (23 Myr). This highlights the dramatic role of gravitational focusing.
Methods and Numerical tools
Studies of the runaway and oligarchic regimes have been also conducted in different
fronts. This includes N-body simulations (Ida and Makino 1993; Aarseth et al. 1993;
Kokubo and Ida 1996, 1998, 2000; Richardson et al. 2000; Thommes et al. 2003;
Barnes et al. 2009), analytical/semi-analytical calculations based on statistical algo-
rithms (Greenberg et al. 1978; Wetherill and Stewart 1989; Rafikov 2003c,b,a; Gol-
dreich et al. 2004; Kenyon and Bromley 2004; Ida and Lin 2004; Chambers 2006;
Morbidelli et al. 2009; Schlichting and Sari 2011; Schlichting et al. 2013), hybrid
statistical/N-body (or N-body coagulation) codes which incorporates the two latter
approaches (Spaute et al. 1991; Weidenschilling et al. 1997; Ormel et al. 2010b;
Bromley and Kenyon 2011; Glaschke et al. 2014), and finally the more recently
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developed hybrid particle-based algorithms (Levison et al. 2012; Morishima 2015,
2017).
Statistical or semi-analytical coagulation methods model the dynamics and col-
lisions of planetesimals in a “particle-in-a-box approximation” (Greenberg et al.
1978). This method is based on the kinetic theory of gases and it neglects the indi-
vidual nature of the particles but rather uses distribution functions to describe the
planetesimals orbits. This approach has been used to model the early stages of planet
formation when the number of planetary objects is large (>> 103). While the sta-
tistical calculations give a statistical sense of the dynamics of a large population of
gravitationally interacting objects they invoke a series of approximations which are
only valid at local length scales in the protoplanetary disk (Goldreich et al. 2004).
The necessity of including non-gravitational effects and collisional evolution typi-
cally leads to approaches that are not self-consistent (Leinhardt 2008).
Direct N-body numerical simulations are typically far more precise the simple
coagulation approaches but cannot handle more than a few thousand self-interacting
bodies for long integration times (e.g.∼ 108−109 yr) without reaching prohibitively
long computational times. Each tool may be suitable to model different stages of
planet formation. While studies of the early stages of planet formation are mostly
conducted using analytical and statistical tools, the intermediate and late stage of ac-
cretion of planets are typically approached by direct N-body integration (Lecar and
Aarseth 1986; Beauge and Aarseth 1990; Chambers 2001; Kominami and Ida 2004).
Hybrid statistical algorithms explore the main advantages of coagulation algorithms
and N-body codes (Kenyon and Bromley 2006). They can be used to follow the tran-
sition between different growth regimes of planet formation as for example planet
formation from the runaway to the orderly phase.
There are several numerical N-body integration packages to model planetary for-
mation and dynamics available as Mercury (Chambers 1999), Symba (Duncan et al.
1998), Rebound (Rein and Tamayo 2015; Rein and Spiegel 2015), Genga (Grimm
and Stadel 2014), HNBody (Rauch and Hamilton 2002), etc . Among them, proba-
bly the most popular are Mercury (publicly available) and Symba. These codes are
built on symplectic algorithms which divide the full Hamiltonian of the problem in a
part describing the keplerian motion and a part due to the mutual gravitational inter-
action of bodies in the system (Wisdom and Holman 1991). Symplectic algorithms
are conveniently applied to systems where most of the total mass is carried by a sin-
gle body, and they allow long-term numerical integrations without the propagation
and accumulation of errors (Saha and Tremaine 1994). However, pure symplec-
tic algorithms require a fixed integration step-size. Nevertheless, planet formation
simulations present close-encounters and collisions among planetary objects which
require sufficiently small timesteps to be properly resolved (Chambers 1999). Us-
ing a symplectic algorithm with a sufficiently small timestep to resolve planetary
encounters destroys its speed advantage compared to traditional algorithms. The
symplectic algorithms in Mercury and Symba are adapted to overcome this issue.
Symba divides the full Hamiltonian of the problem and uses a different step-size
to each part (Duncan et al. 1998). Mercury detects a close-encounter and solve the
orbits of bodies involved in the approach with a different numerical integrator with
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self-adaptive timestep (Chambers 1999) while the remaining terms are solved sym-
plectically.
Particle-based algorithms have been also developed. These are hybrid algorithms
in the sense they combine N-body direct integration with super-particle approxi-
mation (Levison et al. 2012; Morishima 2015). These codes can integrate a larger
number of small particles represented by a small number of tracer particles. The
tracers interact with the larger bodies thought a N-body scheme. Tracer-tracer in-
teractions are solved using statistical routines modelling stirring, dynamical friction
and collisional evolution. The LIPAD code (Levison et al. 2012) has been used, for
example, to model the formation of terrestrial planets in the Solar System from a
larger number of planetesimals (Walsh and Levison 2016) and also in simulations
of terrestrial formation including pebble accretion (Levison et al. 2015b).
Late stage accretion of terrestrial planets in the Solar System
In this section we discuss models of the late stage accretion of terrestrial planets
in our own Solar System. We first discuss the constraints on these models, then
we present different current scenarios that can match these constraints. Finally, we
discuss strategies to distinguish or falsify these models.
Solar System Constraints
Planetary masses, orbits and number of planets
The masses and orbits of the terrestrial planets are the strongest constraints for for-
mation models. The orbits of the terrestrial planets have modest eccentricities and
inclinations. The Angular Momentum Deficit (AMD) measures the level of dynam-
ical excitation of a planetary system (Laskar 1997; Chambers 2001). The AMD of a
planetary system measures the fraction of angular momentum missing compared to
a system where the planets have the same semi-major axes but circular and coplanar
orbits. The AMD is a diagnostic of how well simulated terrestrial planetary systems
match the real terrestrial planets’ level of dynamical excitation. The AMD is defined
as
AMD =
∑Nj=1
[
m j
√a j
(
1− cos i j
√
1− e j2
)]
∑Nj=1 m j
√a j
. (9)
, where m j and a j are the mass and semi-major axis of each planet j, N is the number
of planets in the system, and ej and ij are the orbital eccentricity and inclination of
each planet j. The terrestrial planets’ AMD is 0.0018.
Another useful metric is the Radial Mass Concentration (RMC) (Chambers
2001), a measure of a planetary’s system’s degree of radial concentration. Earth
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and Venus contain more than 90% of the terrestrial planets’ total mass in a narrow
region between 0.7 and 1 AU. The RMC is defined as :
RMC = Max
(
∑Nj=1 m j
∑Nj=1 m j
[
log10 (a/a j)
]2
)
. (10)
Higher values indicate more concentrated systems. The inner Solar System RMC is
89.9.
Exactly what cutoffs should be used when applying these metrics is somewhat
arbitrary. For success, studies often require the AMD and RMC to be matched to
within a factor of 1.3-2 depending on the situation (e.g. Raymond et al. 2009; Izidoro
et al. 2014a). Of course, viable Solar System analogs should have between 3 and 5
planets with semi-major axes between ∼0.3 and ∼1.8 AU.
Timing of planet formation
Given their large gas contents (Wetherill 1990; Lissauer 1993; Guillot et al. 2004),
the giant planets are constrained to have formed prior to the dispersal of the gaseous
protoplanetary disk (Bodenheimer and Pollack 1986; Pollack et al. 1996; Alibert
et al. 2005). Gas giants were probably fully formed before the end of terrestrial
planet accretion. Virtually all models of terrestrial planet formation agree that giant
planets play a critical role shaping the terrestrial planets (e.g. Wetherill 1978, 1986;
Chambers and Wetherill 1998; Agnor et al. 1999; Morbidelli et al. 2000; Chambers
2001; Raymond et al. 2006b; O’Brien et al. 2006; Lykawka and Ito 2013; Raymond
et al. 2014; Izidoro et al. 2014a; Fischer and Ciesla 2014; Lykawka and Ito 2017).
However, different giant planet configuration has been used to model the formation
of the terrestrial planets. We will return to this issue later in this Section.
Numerical simulations and radiometric dating techniques agree that the last giant
impact on Earth took place between∼30 and∼150 Myr after CAIs’ formation (Yin
et al. 2002; Jacobsen 2005; Touboul et al. 2007; Alle`gre et al. 2008; Halliday 2008;
Kleine et al. 2009; Jacobson et al. 2014). Even if this event took place on the early
branch of this interval (e.g. around 30 Myr), this is very likely after the nebula gas
dispersal (Bricen˜o et al. 2001; Mamajek 2009) and after the giant planets were fully
formed. Nevertheless, Mars probably is much older than the Earth. Radiometric dat-
ing of Martian meteorites using Hafnium-Tungsten (Hf-W) isotopes indicates that
Mars reached about half of its current mass during the first 2 Myr after CAI forma-
tion (Dauphas and Pourmand 2011). Given that Mars was fully formed by 10 Myr
after CAIs (Nimmo and Kleine 2007), it may be as old as our gas giants. Venus and
Mercury meteorites has not been identified in meteorites collections which makes
their ages unconstrained.
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The Asteroid belt
Terrestrial and giant planets in our Solar System are physically separated by the
asteroid belt. Unlike the reasonably circular and coplanar orbits of the planets, the
asteroids are dynamically excited. Asteroid eccentricities ranges from 0 to∼0.4 and
their orbital inclinations between 0 and ∼ 25 degrees (Figure 2). The asteroid belt
is also mass depleted (e.g. Petit et al. 2001, 2002; Morbidelli et al. 2015c). The total
mass in the terrestrial planets is about 2M⊕. Mercury and Mars’ semimajor axes are
about 0.38 AU and 1.5 AU, respectively. The inner edge of the main belt is at about
1.8 AU while the outer edge at 3.2 AU. If we could dispose all main belt asteroids
and planets in a common plane the total area occupied by the asteroids’ orbits is
at least 3 times larger than that occupied by the terrestrial planets together. Yet the
main asteroid belt region contains only roughly 5× 10−4M⊕ (Gradie and Tedesco
1982; DeMeo and Carry 2013, 2014). Ceres is most massive object in today’s belt.
Yet, it is very unlikely that the asteroid belt hosted in the past a planet much more
massive than that (e.g. Mars). Such massive object would have sculpted large gaps
in the asteroid belt and such gaps are not observed today (Raymond et al. 2009).
The asteroid belt is chemically segregated (e.g. DeMeo et al. 2015). The inner
region is mostly populated by silicaceous asteroids (S-type) while the outer region is
dominated by Carbonaceous chondrites asteroids (C-type). A variety of taxonomic
type of asteroids exist in the belt but S and C-type are the dominant populations
(DeMeo and Carry 2014). C-type asteroids are dark asteroids because they contain
a large amount of carbon and hydrated minerals. S-type asteroids are moderately
bright and are most composed of iron and silicate material (Gradie and Tedesco
1982; DeMeo and Carry 2014).
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Fig. 2 Orbital architecture of the inner Solar System. In both panels, planets are shown as trian-
gles and asteroids as squares. The left-hand panel show a diagram semi-major axis versus orbital
inclination. The right-hand panel shows orbital semi-major axis versus orbital inclination. Only
asteroids larger than 50 Km are shown.
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Water on Earth and other terrestrial planets
The amount of water on Earth is debated (e.g. Drake and Campins 2006). Esti-
mates suggest that the total Earth water content is between ∼1.5 and ∼10-40 Earth
oceans (Le´cuyer et al. 1998; Marty 2012; Halliday 2013), where 1 Earth ocean is
1.4×1024g. A major part of this water is stranded in the Earth’s mantle. More wa-
ter may exist on Earth’s core but the true amount is uncertain (Nomura et al. 2014;
Badro et al. 2014). Interestingly, the Earth contains more water than would be ex-
pected from the radial water gradient across the Solar System (see the recent review
by O’Brien et al. 2018). Asteroids, mainly those in the outer part of the belt (e.g.,
semi-major axis larger than 2.5 AU), transneptunian objects and comets are very wa-
ter rich, with concentration of up to 20% water-mass fraction. However, asteroids
belonging to different taxonomic types in the inner region of the asteroid belt (e.g.
enstatite chondrites) are typically drier than Earth (e.g., see review by Morbidelli
et al. 2012). If the Earth accreted mainly from rocky material exposed to relatively
higher temperatures in the protoplanetary disk than that material that accreted as-
teroids at larger distances it is reasonable to expect that the Earth should be at least
as reduced in volatiles and water as the innermost asteroids. Thus, given the larger
amount of water on Earth it is believed that one or more mechanisms contributed
delivering a major part of its water (e.g. Morbidelli et al. 2000; Raymond et al. 2004,
2007a; Izidoro et al. 2013; O’Brien et al. 2014; Raymond and Izidoro 2017a).
There is evidence for water on Mercury (Lawrence et al. 2013; Eke et al. 2017).
The high D/H ratio in Venus’ atmosphere suggests that in the past the planet had
a larger amount of water that escaped to space (Donahue et al. 1982; Kasting and
Pollack 1983; Grinspoon 1993). The high D/H of Mars’ atmosphere and isotopic
analysis of martian meteorites also suggest some of its primordial water was lost to
space (e.g. Owen et al. 1988; Kurokawa et al. 2014). Geomorphological features on
Mars indicate the planet had ancient oceans and a lot of water may be hidden below
the surface (Baker et al. 1991). All this evidence supports the idea that a significant
amount of water was delivered to the inner Solar System.
Isotopic ratios are very useful to discriminate water sources. Carbonaceous chon-
drite meteorites are associated with C-type asteroids in the belt and their hydrogen
and nitrogen isotopic ratios –D/H and 15N/14N– match those of Earth (Marty and
Yokochi 2006; Marty 2012). The D/H of the solar nebula is generally inferred from
the Jupiter’s atmosphere and it is estimated to be by a factor of ∼5-10 lower than
carbonaceous chondrites. Water with a D/H ratio similar to the solar value has been
found in Earth’s deep mantle (Hallis et al. 2015) but in order for Earth’s water to
have a primarily nebular origin one must invoke a mechanism to increase the D/H
ratio of Earth’s water over the planet’s history. In principle this could be achieved
if the Earth had a massive primordial hydrogen-rich atmosphere that efficiently es-
caped to the space over a billion year timescale due to very intense UV flux (Ikoma
and Genda 2006; Genda and Ikoma 2008). However, the solar 15N/14N ratio also
does not match that of Earth (Marty 2012).
Comets present a wide range of D/H ratios, which vary from terrestrial-like to
several times higher (Alexander et al. 2012). Nevertheless, elemental abundances
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and mass balance calculations based on 36Ar suggest it is unlikely that comets con-
tributed with more than a few percent of Earth’s water (Marty et al. 2016), but this
same analysis suggest they probably contributed nobles gases to Earth’s atmosphere
(Marty et al. 2016; Avice et al. 2017). Carbonaceous chondrites remain the best can-
didates for delivering water to Earth (Alexander et al. 2012). The much higher D/H
ratios of Venus and Mars probably do not represent their primordial values and their
water origin remain unconstrained. However, any process delivering water to Earth
would invariably also deliver water to the other terrestrial planets (e.g. Morbidelli
et al. 2000; Raymond and Izidoro 2017a).
Giant planet orbits and evolution
A fundamental dynamical constraint on terrestrial planet formation models is the
orbital architecture of the gas giants. However, the giant planets’ orbits were not
necessarily the same at the time the terrestrial planet were forming. Hydrodynam-
ical simulations show that the giant planets probably migrated during the gas disk
phase. The most likely outcome of migration is a chain of mean motion resonances
among the giant planets (Masset and Snellgrove 2001; Morbidelli and Crida 2007;
D’Angelo and Marzari 2012; Pierens et al. 2014). There is a growing consensus that
the giant planets orbits evolved from a more compact configuration to their current
orbits through a dynamical instability (Fernandez and Ip 1984; Hahn and Malhotra
1999; Tsiganis et al. 2005; Nesvorny´ and Morbidelli 2012). However, two different
views exist on the timing of that instability/migration-phase (for a more detailed
discussion see Morbidelli et al. 2018). In one view the gas giants reached their
current orbits early in the Solar System history, probably before all the terrestrial
planets were fully formed and likely a few tens of million years after CAIs (Kaib
and Chambers 2016; Toliou et al. 2016; Deienno et al. 2017). In the second view, the
giant planets’ current orbits were only reached much later, probably 400-700 Myr
after CAIs formed, coinciding with the so-called ’late heavy bombardment’ (Gomes
et al. 2005; Levison et al. 2011; Deienno et al. 2017).
If the giant planets only reached their current orbits very late, then they were
likely in a low-eccentricity resonant configuration during terrestrial accretion (Ray-
mond et al. 2006b; O’Brien et al. 2006; Raymond et al. 2009; Izidoro et al. 2014a,
2015c, 2016). On the other hand, if the giant planets reached their current orbits
early, with an instability that happened shortly after the dissipation of the gaseous
disk, then the giant planets’ orbits during accretion would be close to their present-
day orbits. The orbital period ratio of Jupiter and Saturn today is Ps/PJ ' 2.48, and
their orbits are slightly eccentric and inclined (the importance of this issue will be
justified later).
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Solar System Terrestrial Planet formation Models
Simulations of late stage accretion of the terrestrial planets typically start from a
population of already-formed planetesimals and Moon- to Mars-mass planetary em-
bryos. This scenario is consistent with models of the runaway and oligarchic growth
regimes (Kokubo and Ida 1996, 1998, 2000; Chambers 2006; Ormel et al. 2010b,a;
Morishima 2017) and also pebble accretion models (Moriarty and Fischer 2015; Jo-
hansen et al. 2014; Chambers 2016; Johansen and Lambrechts 2017; Levison et al.
2015b). The typical starting time of late stage of accretion simulations relates to
about ∼3 Myr after CAI formation (Raymond et al. 2009). Most of these simula-
tions start with fully formed giant planets and assume that the gaseous protoplane-
tary disk has just dissipated (e.g. Morbidelli et al. 2012).
The most important ingredient in terrestrial accretion models is simply the
amount of available mass. A zeroth-order estimate of the Solar System’s starting
mass comes from the “Minimum mass solar nebula model” (Weidenschilling 1977;
Hayashi 1981; Desch 2007; Crida 2009) (MMSN). The original MMSN model in-
flates the current radial mass distribution of Solar System planets to match the solar
composition (adding H and He; Weidenschilling (1977); Hayashi (1981)). Varia-
tions of this model have been proposed over the years considering the solar giant
planets’ orbits evolved during the Solar System history (Tsiganis et al. 2005). These
models typically suggest that between the orbits of Mercury and Jupiter the primor-
dial Solar System contained ∼ 5M⊕ of solid material (Weidenschilling 1977).
Motivated by model, disk-formation simulations (Bate 2018) as well as disk ob-
servations (generally of the dust component; Andrews et al. 2010; Williams and
Cieza 2011), the radial distribution of solids in simulations of late stage accretion
typically follow power law profiles:
Σ(r) = Σ1
( r
1AU
)−x
g/cm2. (11)
Σ1 is the surface density of solids at 1 AU. The initial mass of individual plan-
tary embryos scales as r3(2−x)/2∆ 3/2 (Kokubo and Ida 2002; Raymond et al. 2005),
where x is the power-law index and ∆ represents the mutual separation of adjancet
planetary embryos in mutual hill radii (Kokubo and Ida 2000). A fraction of the
disk total mass is typically distributed among planetesimals (Raymond et al. 2004,
2006b; O’Brien et al. 2006; Jacobson and Morbidelli 2014). Figure 3 shows the
distribution of planetary embryos and planetesimals in a MMSN disk profile.
At least three different scenarios for the origins of the Solar System exists. In the
next Section we discuss each of them.
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Fig. 3 Representative initial conditions for classical simulations of the late stage of accretion of
terrestrial planets using a power-law disk. In this case x=1.5 and Σ1 = 8g/cm2. The mutual sep-
aration of neighbour planetary embryos is randomly selected between 5 and 10 mutual hill radii.
Planetesimals are shown with masses of ∼ 10−3 Earth masses. The total mass carried by about 40
embryos and 1000 planetesimals is about 4.5M⊕.
The Classical Scenario
The classical model assumes that giant planet formation can be completely separa-
tion from terrestrial planet formation. Classical model simulations simply impose a
giant planet configuration (usually considering just Jupiter and Saturn) and a distri-
bution of terrestrial building blocks. Early classical model simulations succeeded in
producing a few planets in stable and well separated orbits, delivering water to Earth
analogs from the outer asteroid belt and in explaining a significant degree of mass
depletion of the asteroid belt (Wetherill 1978, 1986, 1996; Chambers and Wetherill
1998; Agnor et al. 1999; Morbidelli et al. 2000; Chambers 2001; Raymond et al.
2004). Later, higher-resolution simulations were also able to match the terrestrial
planets’ AMD and the timing of Earth’s accretion (Raymond et al. 2006b, 2009;
O’Brien et al. 2006; Morishima et al. 2008, 2010).
However, the classical model suffers from an important setback. Simulations sys-
tematically produce Mars analogs that are far more massive than the real planet
(among other, less dramatic shortcomings). This has become known as the “small
Mars” problem and was first pointed out by Wetherill (1991). The small Mars prob-
lem is pervasive in simulations in which a) the giant planets are on low-eccentricity,
low-inclination orbits, and b) the disk of terrestrial material follows a simple power-
law profile with an r−1 to r−2 slope (O’Brien et al. 2006; Raymond et al. 2006b,
2009, 2014; Morishima et al. 2010; Izidoro et al. 2014a, 2015c; Fischer and Ciesla
2014; Kaib and Cowan 2015; Haghighipour and Winter 2016; Lykawka and Ito
2017; Bromley and Kenyon 2017).
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As discussed above, a number of aspects of the Solar System can be explained
if the giant planets underwent an instability known as the Nice model (originally
proposed in Tsiganis et al. 2005; Gomes et al. 2005; Morbidelli et al. 2005). The
original Nice model proposed that the giant planets migrated from a more compact
orbital configuration to their current orbits through a late dynamical instability at
about ∼ 500 Myr after CAIs formation. The instability is triggered by the gravita-
tional interaction of the giant planets with a primordial planetesimal disk residing
beyond the orbit of the giant planets. This violent dynamical event in the Solar
System history is invoked to explain the late heavy bombardment, the dynamical
structure of the Kuiper belt, the trojans asteroids and the potential origins of the
Oort cloud. Yet the timing of the instability is poorly-constrained. Morbidelli et al.
(2018) argue that it could have happened anytime up to ∼500 Myr after CAIs.
Nonetheless, only a small subset of giant planet orbits are fully self-consistent.
Hydrodynamical simulations find that, during the disk phase, Jupiter and Saturn are
captured in 3:2 or 2:1 mean motion resonance, usually on low-eccentricity, low-
inclination orbits (Masset and Snellgrove 2001; Morbidelli and Crida 2007; Pierens
and Nelson 2008; Zhang and Zhou 2010; D’Angelo and Marzari 2012; Pierens et al.
2014). If the instability happened early then it is possible that Jupiter and Saturn
were close to their current configuration during accretion. If the instability happened
late then the gas giants’ orbits would have been much less excited during accretion.
For a late instability the small Mars problem is insurmountable. Mars analogs
are typically as massive as Earth and embryos are often stranded in the belt (Ray-
mond et al. 2009; Fischer and Ciesla 2014; Izidoro et al. 2015b). There is simply no
mechanism by which to deplete Mars’ feeding zone.
If the instability was early, the gas giants’ orbits during accretion must have
been modestly more excited than they are today. This is because their eccentric-
ities and inclinations would have been damped below their current values from
scattering of planetary embryos and planetesimals. To end up on their correct or-
bits, Jupiter and Saturn must have started off with somewhat higher eccentricities
(eJ ≈ eS ≈ 0.07− 0.1). This configuration was called EEJS for ‘Extra Eccentric
Jupiter and Saturn’ by Raymond et al. (2009). The EEJS setup is interesting be-
cause secular resonances are stronger than in the current Solar System (and much
stronger than if the giant planets’ orbits were near-circular Raymond et al. 2009;
Izidoro et al. 2016). In classical model EEJS simulations, these secular resonances
clear out Mars’ feeding zone and are able to match Mars’ true mass even starting
with standard surface density profiles (e.g. x=1). However, it remains to be demon-
strated that dynamical instabilities producing such eccentric giant planets can also
satisfy other inners outer Solar System constraints and also terrestrial planets with
reasonably low AMD.
Hansen (2009) proposed that the inner Solar System had a severe mass deficit
beyond 1 AU (Wetherill 1978; Hansen 2009; Morishima et al. 2008). Starting from
a narrow ring of embryos between 0.7 and 1. AU, Mars was scattered outside the
ring beyond 1.0 AU and was starved. Hansen’s simulations indeed provided a good
match to the terrestrial planets. However, Hansen (2009) did not propose a mech-
anism to generate a truncated disk and was not able to resolve the asteroid belt.
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However, Hansen’s work catalyzed the development of two scenarios for explaining
the inner Solar System. The first scenario found a way to generate a truncation in the
disk at 1 AU and the second further explore the implications of a primordial mass
deficit beyond 1 AU. We discuss these models in the upcoming sections.
The Grand Tack scenario
The Grand Tack model proposes that Jupiter’s migration dramatically sculpted the
terrestrial planet region during the gas disk phase. The Grand Tack scenario assumes
that the terrestrial planet region started with a lot of mass beyond 1 AU ( M⊕) and
invokes a specific gas-driven migration history of the giant planets to deplete the
region beyond 1 AU, creating a Hansen-style disk.
The Grand Tack invokes an inward-then-outward phase of migration of Jupiter
and Saturn to sculpt the inner Solar System (see Figure 4). Hydrodynamical simu-
lations show that Jupiter is massive enough to carve a gap in the protoplanetary disk
and migrate inwards in the type-II regime (Lin and Papaloizou 1986; Ward 1997;
Du¨rmann and Kley 2015). Saturn is less massive than Jupiter and not big enough
to carve a deep gap in the disk (Crida et al. 2006). Saturn also migrates but in the
very fast, type-III migration regime (Masset and Papaloizou 2003). Migrating to-
gether in the same disk, Jupiter and Saturn typically end up in either the 3:2 or 2:1
resonance (Pierens and Nelson 2008; Pierens et al. 2014). Locked in resonance in
a common gap, the balance of torques from the disk shifts and the two planets mi-
grate outward (Masset and Snellgrove 2001; Morbidelli and Crida 2007; Crida 2009;
Pierens and Raymond 2011; D’Angelo and Marzari 2012; Pierens et al. 2014). In
the Grand Tack model, the turnaround, or “tack point” is set to be 1.5-2 AU as this
truncates the inner disk of terrestrial material at 1 AU (Walsh et al. 2011; Jacobson
and Walsh 2015; Brasser et al. 2016).
In the Grand Tack model Jupiter and Saturn cross the asteroid belt twice. During
their inward migration the giant planets shepherd most primordial asteroid material
interior to 1 AU and scatter some outwards. During their later outward migration
they scatter planetesimals inward and populate the belt with a mix of planetesimals
from different locations of the disk. In this model, planetesimals originally inside
Jupiter’s orbits are associated with the S-type asteroids (water-poor) and planetes-
imals originally beyond Saturn are associated with C-Type asteroids (water-rich;
e.g. Walsh et al. (2012)). Some of the C-type asteroids scattered inward reach the
terrestrial region and deliver water to the growing terrestrial planets (O’Brien et al.
2014, 2018). After gas dispersal, the truncated narrow region around 1 AU naturally
leads to the formation of good Mars analogs at 1.5 AU. Models of the subsequent
Solar System evolution have indeed shown that asteroid belt produced in the Grand
Tack model is consistent with the observed belt in terms of its levels of dynamical
excitation and mass depletion (Deienno et al. 2016). The Grand Tack stands today
as a viable model to explain the origins of the inner Solar System but it is not the
only one.
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Fig. 4 Snapshots showing the dynamical evolution of the Solar System in the Grand Tack model.
The four gas giants are represented by the black filled circles. From the innermost to the outermost
one are shown: Jupiter, Saturn, Uranus and Neptune. Jupiter starts fully formed while the other
giants planets grow. Terrestrial planetary embryos are represented by open circles. Water rich and
water-poor planetesimals/asteroids are shown by blue and red small dots, respectively. There is a
two phase of inward-then-outward migration of Jupiter and Saturn. During the inward migration
phase Jupiter shepherd planetesimals and planetary embryos creating a confined disk around 1 AU.
Saturn encounters Jupiter and both planets start to migrate outwards at about 100 kyr. During the
outward migration phase the giant planets scatter inwards planetesimals repopulating the previ-
ously depleted belt with a mix of asteroids originated from different regions. After 150 Myr four
terrestrial planets are formed. Figure from Walsh et al. (2011).
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The primordial Low-mass/Empty asteroid belt scenario
There are other ways that nature might produce a Hansen-style disk without invok-
ing a dramatic giant planet migration phase. The low-mass asteroid belt scenario
proposes that the mass deficit beyond 1 AU is primordial. Perhaps solid material in
the belt region drifted inside 1 AU by gas drag leaving the belt region severely mass
depleted (Izidoro et al. 2015c; Levison et al. 2015b; Moriarty and Fischer 2015;
Drazkowska et al. 2016). This must have happened after Jupiter’s core was large
enough to block the inward pebble flux (Lambrechts and Johansen 2014; Morbidelli
et al. 2015b). The pile up scenario is also consistent with recent pebble drift and ac-
cretion models. If pebbles can drift inward from the other regions of the disk by
gas drag assistance they can eventually pile up and produce disks with any surface
density profile (Izidoro et al. 2015c).
In order to test which kind of disk could match the Solar System Izidoro et al.
(2015c) systematically studied the formation of terrestrial planets in disks with
different radial mass distributions, i.e. in shallow and steep surface density pro-
files (Raymond et al. 2005; Kokubo et al. 2006, tested a much narrower range of
surface density slopes).
There is a trade-off between Mars’ mass and the asteroid belt’s level of excita-
tion. Simulations from Izidoro et al. (2015c) with shallow disks failed to produce
a small Mars (see upper-left panel of Figure 5). Only very steep disks with x=5.5
were successful in producing a low-mass Mars (see upper-right panel of Figure 5.
However, in these same simulations the asteroid belt is much dynamically colder
than the real belt (see middle-right and bottom-right panels of Figure 5). This level
of excitation is inconsistent with the belt shown in Figure 2. This is due to the severe
mass deficit beyond 2 AU in steep disks, which results in a inefficient gravitational
self-stirring.
To reconcile the low-mass asteroid belt scenario with the current Solar System a
mechanism to excite the belt is required. Izidoro et al. (2016) showed that asteroid
belt could be naturally excited to the current levels if Jupiter and Saturn’s early orbits
were chaotic. If Jupiter and Saturn underwent a phase of chaos in their orbits secular,
resonances could randomly jump across the entire belt (Izidoro et al. 2016) and other
secular effects could be amplified (Deienno et al., in prep) exciting asteroids across
the entire belt up to the required observed levels.
Raymond and Izidoro (2017b) proposed that the inner Solar System is also con-
sistent with a primordial empty asteroid belt. Starting from a narrow annulus of
embryos and planetesimals, a small fraction of planetesimals from the terrestrial
region are naturally implanted into the asteroid belt. Many planetesimals are scat-
tered onto high-eccentricity, belt-crossing orbits. A fraction of these are scattered by
rogue embryos onto lower-eccentricity orbits trapped beyond 2 AU, preferentially
in the inner main belt. In this model, planetesimals originated from the terrestrial are
associated with S-type asteroids. Several times the current total mass in S-types is
implanted in simulations that also match the terrestrial planets’ masses (see Figure
6) and orbits (both AMD and RMC). The empty primordial belt scenario is com-
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Fig. 5 Final distribution of simulated planets and asteroids in simulations with x=2.5 (left-hand
panels) and x=5.5 (right-hand panels) after 700 Myr of integration. The results of 15 simulations
are shown for each disk. Protoplanetary objects with masses larger than 0.3 M⊕ are shown with
circles. Smaller bodies are labeled with crosses. The solid triangles represent the inner planets of
the Solar System. Figure adapted from Izidoro et al. (2015c)
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pletely different than classical, the Grand Tack and low mass asteroid belt models
in that it proposes that all S-types are refugees.
Fig. 6 Outcome of many simulations of the late stage of accretion of terrestrial planets in the
framework of the primordial empty-asteroid belt model. The top plot shows semi-major axes ver-
sus masses of all planets formed in these simulations. The filled squares represent the real ter-
restrial planets. Open circles represent the simulated planets. The middle and bottom plots show
semi-major axis versus eccentricity and semi-major axis vs orbital inclination, respectively. Again,
planets are shown as open circles. Asteroids surviving until the end of the simulation are shown as
small red dots and S-type asteroids successfully implanted in the belt are shown by big red dots.
Figure from Raymond and Izidoro (2017b)
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In the primordial empty asteroid belt model the C-type asteroids are implanted in
the belt by a different process. Raymond and Izidoro (2017a) showed that planetes-
imals from the giant planet region are inevitably implanted in the belt by gas-drag
assistance during the gas disk phase. During Jupiter and Saturn’s rapid gas accre-
tion, the orbits of nearby planetesimals were perturbed and they were gravitationally
scattered onto eccentric orbits. Given the dissipative nature of gas drag (Adachi et al.
1976), many planetesimals were scattered inward, had their eccentricities damped
by gas drag, and were captured onto stable orbits, preferentially in the outer main
belt (see Figure 7). This mechanism is also consistent with the low-mass asteroid
belt scenario.
Fig. 7 Implantation of asteroids in the belt during the rapid gas accretion of Jupiter and Saturn.
The gas giants are represented by the growing filled circles. Planetesimals are color coded to reflect
their original locations. Planetesimals have a diameter of 100 Km. The gray shaded region delimits
the asteroid belt. Jupiter grew linearly from a 3M⊕ core to its current mass from 100 to 200 kyr.
Saturn start to grow later, from 300 to 400 kyr. In this simulations the planets are assumed locked
in the 3:2 mean motion resonance as suggested by the results of hydrodynamical simulations.
Asteroids crossing the shaded line towards the innermost parts of the inner Solar System cross the
terrestrial planets orbits. Figure from Raymond and Izidoro (2017a)
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A fraction of asteroids is not implanted in the belt region but rather reach high
eccentric orbits which crosses the terrestrial region and deliver water to the grow-
ing terrestrial planets. The formation of giant planets pollutes the inner part of the
protoplanetary disk with water-rich bodies (Raymond and Izidoro 2017a). In con-
trast with other models (e.g., the Grand Tack), this mechanism is an unavoidable
consequence of giant planet formation. It must have played a role in the early Solar
System.
The injection of S-types from the terrestrial planet region and C-types form the
giant planet region reconcile the empty primordial asteroid belt model with the bulk
of the inner Solar System architecture. Although S-type asteroids are injected in the
belt in orbits which are consistent with the level of excitation of the current belt, at
the end of the gas disk phase the level of dynamical excitation of asteroids implanted
in the outer part of the belt (typically C-types) is far from the observed one. Thus, a
mechanism to excited asteroid orbits as the chaotic excitation (Izidoro et al. 2016)
is still required.
Finally, both the low-mass asteroid belt and empty asteroid belt scenarios remain
as viable alternatives to the Grand-Tack model.
Constraining and distinguishing formation scenarios
Three current viable models of the late stage of accretion of terrestrial planet ex-
ist to explain the bulk of the inner Solar System structure. These models are con-
sistent with the masses and orbits of the terrestrial planets (RMC and AMD), the
structure of the asteroid belt and the origins of water in the inner Solar System
(Walsh et al. 2011; Izidoro et al. 2016; Raymond and Izidoro 2017a,b). They are
also self-consistent with envisioned models of the Solar System evolution Izidoro
et al. (2016); Raymond and Izidoro (2017a). While all these models seems to hold a
similar degree of success obviously only one of them is potentially correct. So how
can we hope to distinguish between them?
Empirical tests to discriminate these models may be based on space observations
of Solar System minor bodies (Morbidelli and Raymond 2016) or high precision
isotopic measurements of different planetary objects (e.g. Dauphas 2017). From the
theoretical side, models may be differentiated by more sophisticated numerical sim-
ulations studying the physical mechanisms involving pebble accretion and planetary
migration Izidoro et al. (2016).
The Grand Tack model requires a specific large-scale giant planet migration. One
of the main loose end of the Grand Tack is that it is not clear if the required inward-
then-outward large scale migration is also possible in a scenario where gas accre-
tion onto Jupiter and Saturn is self-consistently computed (Raymond and Morbidelli
2014). Unfortunately, our understanding of gas accretion onto cores is still incom-
plete. Hydrodynamical simulations of growth and migration of Jupiter and Saturn
typically invoke a series of simplifications considering the challenge in performing
high-resolution self-consistent simulations of this process (e.g. Pierens et al. 2014).
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The Achilles’ heel of the low-mass asteroid belt model is our deficient under-
standing of how planetesimals form. The low-mass asteroid belt model requires
planetesimals to have formed interior to 1-1.5 AU but very inefficiently in the as-
teroid belt, right next door. Morbidelli and Raymond (2016) suggest that this may
be achieved if planetesimals forming inside 1-1.5 AU formed much earlier than
planetesimals in the belt (beyond 2 AU). Asteroids may be a low-mass second-
generation of planetesimal perhaps formed during the photo-evaporation phase of
the sun’s gaseous disk (e.g. Morbidelli and Raymond 2016). The streaming insta-
bility requires high solid/gas ratio to operate and this could be more easily achieve
during the beginning of the photo-evaporation phase (Carrera et al. 2017). This view
where S-type asteroids form late is also currently supported by meteorites analysis
Morbidelli and Raymond (2016).
It has been suggested that at least two generations of planetesimal were born in
the inner Solar System. The oldest population is associated with the parent bodies of
iron meteorites, formed around half-million years after CAIs (Kruijer et al. 2012).
The youngest one is associated with chondritic meteorites formed after ∼3 Myr
Villeneuve et al. (2009). The late formation of asteroids (potentially after the short-
lived radionuclides as 26Al became an inefficient heat source) is also supported by
the fact that S-type asteroids are dominated by thermally undifferentiated bodies
(Weiss and Elkins-Tanton 2013; Scheinberg et al. 2015). If the terrestrial planets
formed from an earlier generation of planetesimals than the S-types, this would
conflict with the empty primordial asteroid belt model, in which the two populations
are drawn from the same source. It remains to be seen whether the model could
still be viable in an alternate form, perhaps by invoking that the later generation of
planetesimals formed at the edge of the terrestrial planet region rather than in the
main belt (Raymond and Izidoro 2017a).
Strong tests aiming to disentangle these models may also emerge from more
complex multidisciplinary approaches combining the accretion history of Earth pro-
duced in N-body simulations with models of core-mantle differentiation Jacobson
et al. (2014) and geochemical models Dauphas (2017). This may be the key to dis-
tinguish these scenarios. The amount of water delivered to the terrestrial planets
in the low-mass/empty asteroid belt scenarios has not been quantified in terrestrial
planet formation simulations, and confronted with those in the Grand-Tack O’Brien
et al. (2014). These subjects remain as interesting avenues for future research.
Terrestrial planet formation in the context of exoplanets
If we understand terrestrial planet formation in the Solar System (at least to some
degree), then we can hopefully extrapolate to terrestrial planet formation in a more
general setting. The thousands of known exoplanets – many of which are close to
Earth-sized – offer a testbed for our models. The difficulty is in knowing which
exoplanets are truly analogous to our own terrestrial planets and which are entirely
different beasts.
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As of early 2018 there are more than 3,000 confirmed exoplanets. The bulk
were discovered either by radial velocity surveys using Doppler spectroscopy (Fis-
cher et al. 2014) or by transit surveys, notably NASA’s Kepler mission (Borucki
et al. 2010b). We now know that 10-20% of Sun-like stars host gas giant plan-
ets (Mayor et al. 2011b; Howard et al. 2012b) but that hot Jupiters exist around only
∼1% (Wright et al. 2012; Howard et al. 2010b). While most gas giants are found
on orbits beyond 0.5-1 AU (Butler et al. 2006b; Udry and Santos 2007b), the pop-
ulation is dominated by planets on eccentric orbits. True Jupiter ‘analogs’ – with
orbital radii larger 2 AU and eccentricities smaller than 0.1 – exist but only around
roughly 1% of stars like the Sun (Martin and Livio 2015; Morbidelli and Raymond
2016). This is thus an upper limit on the occurrence rate of Solar System analogs;
while individual planets may be more common, similar systems to ours cannot be.
One particularly relevant, unexpected type of exoplanet are the so-called “hot
super-Earths”, often defined as being smaller than 4R⊕ or under 20M⊕ with or-
bits shorter than ∼100 days. Super-Earths have been shown to orbit at least half
of all main sequence stars, including both Sun-like (Mayor et al. 2011b; Howard
et al. 2012b; Fressin et al. 2013b; Petigura et al. 2013b) and low-mass stars (Bonfils
et al. 2013; Mulders et al. 2015b). Many super-Earths are in multiple systems, which
tend to have compact orbital configurations and similar-sized planets (Lissauer et al.
2011a,b; Weiss et al. 2018). To date, up to seven have been found in the same sys-
tem (Gillon et al. 2017; Luger et al. 2017). Extensive radial velocity monitoring of
Kepler super-Earths has found a dichotomy: smaller planets have high densities and
are indeed rocky ‘super-Earths’ whereas larger planets tend to have lower densities
and are more likely ‘mini-Neptunes’ (Weiss et al. 2013; Marcy et al. 2014; Weiss
and Marcy 2014). The division between super-Earths and mini-Neptunes appears to
lie close to 1.5R⊕ (Weiss and Marcy 2014; Lopez and Fortney 2014; Rogers 2015;
Wolfgang et al. 2016; Chen and Kipping 2017).
In this section we first discuss models for the origin of super-Earths (broadly-
defined to include all planets smaller than 4R⊕), then discuss how terrestrial planet
formation may proceed in systems with gas giants on orbits very different from
Jupiter’s.
Origin of super-Earth systems
The population of super-Earths is rich enough to provide quantitative constraints on
formation models:
1. Their occurrence rate (∼ 50% around main sequence stars; Mayor et al. 2011b;
Fressin et al. 2013b; Petigura et al. 2013b; Dong and Zhu 2013).
2. Their multiplicity distribution. Systems with multiple super-Earths are much eas-
ier to confirm than single super-Earth systems because parameters must match
for different planets and because transit-timing variations offer additional con-
straints (Lissauer et al. 2011b). The observed distribution has more single super-
Earth systems than multiple systems, which is sometimes referred to as the “Ke-
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pler dichotomy” (i.e., a dichotomy between single- and multiple systems Fang
and Margot 2012; Tremaine and Dong 2012; Johansen et al. 2012a).
3. Their period ratio distribution, i.e., the distribution of period ratios of adjacent
planets in multiple planet systems (Lissauer et al. 2011b; Fabrycky et al. 2014).
The distribution is not preferentially peaked at first order mean motion reso-
nances neither clearly representative of a uniform distribution (Fabrycky et al.
2014).
4. The division between rocky super-Earths and gas-rich mini-Neptunes at∼ 1.5R⊕
(Weiss and Marcy 2014; Lopez and Fortney 2014; Rogers 2015; Wolfgang et al.
2016; Chen and Kipping 2017).
At least 8 models have been proposed to explain the origin of super-Earths. Be-
fore almost any super-Earths were known, Raymond et al. (2008) determined six
potential formation pathways for super-Earths and laid out a simple framework to
use observations of system architecture and planet bulk density to differentiate be-
tween them. Several of those pathways were quickly disproven because they did not
match observations; for instance, one mechanism proposed that super-Earths form
from material shepherded inward by a migrating giant planet (Fogg and Nelson
2005, 2007; Raymond et al. 2006a; Mandell et al. 2007). It was quickly shown that
there is no correlation between close-in gas giants and super-Earths – to the con-
trary, there is generally an anti-correlation between hot Jupiters and other close-in
planets (Latham et al. 2011; Steffen et al. 2012).
At the time of the writing of this chapter, two models remain viable: themigration
and drift models. Yet we think it worth clearly explaining why simple, in-situ growth
of super-Earths is not a viable formation mechanism. In-situ growth of super-Earths
was first proposed by Raymond et al. (2008), who subsequently discarded it based
on the prohibitively large disk masses required. It was re-proposed by Hansen and
Murray (2012, 2013) and Chiang and Laughlin (2013), and was again refuted for
both dynamical and disk-related reasons (Raymond and Cossou 2014; Schlichting
2014; Schlaufman 2014; Inamdar and Schlichting 2015; Ogihara et al. 2015). The
simplest argument against in-situ growth is as follows. If super-Earths form in-situ
then they must grow extremely quickly because of the very dense disks required
to have many Earth-masses of solids so close-in. Yet if planets form that quickly in
massive gas disks, they must migrate. In fact, the disks required to build super-Earths
close-in are so dense that aerodynamic drag acts on full-grown planets on a shorter
timescale than the disk dissipation timescale (Inamdar and Schlichting 2015). Thus,
in-situ growth implies that the planets must migrate. If they migrate then their orbits
change and they didn’t really form “in-situ”. Even if super-Earths did form in-situ
within a dense disk, their migration is so fast that it tends to produce a strong mass
gradient in the final planet distribution, with the innermost planet always being the
most massive one, which is not observed (Ciardi et al. 2013; Weiss et al. 2018). In-
situ accretion models can match observations (for example in terms of period ratio
distribution) but this requires a combination of planetary systems forming in a gas
free scenario and planetary systems produced in a gas-rich environment, where tidal
eccentricity and inclination damping due to the interaction with gas drag operate but
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not type-I migration (Dawson et al. 2016). It is not clear how to decouple gas tidal
damping from type-I migration for planets in the super-Earth size/mass range.
The drift model proposes that dust drifts inward but that most planet-building
happens close-in. Dust is indeed expected to coagulate and drift inward (e.g. Birn-
stiel et al. 2012) and if there exists a trap very close-in, then a fraction of the mass in
drifting pebbles can be captured. Chatterjee and Tan (2014) proposed that this trap
is a pressure bump associated with the inner edge of a dead zone. They proposed
that, once a pebble ring attains a high enough density it may collapse directly into a
full-sized planet. The inner edge of the dead zone may then retreat, shifting the for-
mation location of the next super-Earth. This model is promising and the subject of
a series of papers (Chatterjee and Tan 2014, 2015; Boley et al. 2014; Hu et al. 2016,
2017). However, the model is not developed to the point of being able to directly
address the constraints listed above.
Finally, the migration model proposes that planetary embryos grow large enough
far from their stars to perturb the gaseous disk and to undergo so-called type 1 migra-
tion (see example in Fig. 8; Goldreich and Tremaine 1980; Ward 1986; Tanaka et al.
2002). Given that disks have magnetically-truncated inner edges (e.g. Romanova
et al. 2003, 2004), embryos migrate inward, may be caught at planet traps (Lyra
et al. 2010; Hasegawa and Pudritz 2011, 2012; Horn et al. 2012; Bitsch et al. 2014;
Alessi et al. 2017), but eventually they reach the inner edge, where a strong torque
prevents them from falling onto the star (Masset et al. 2006). Systems of migrating
embryos thus pile up into chains of mean motion resonances anchored at the in-
ner edge of the disk (Cresswell et al. 2007; Terquem and Papaloizou 2007; Ogihara
and Ida 2009; McNeil and Nelson 2010; Cossou et al. 2014; Izidoro et al. 2014b).
Collisions are common during this phase; they destabilize the resonant chain but it
is quickly re-formed. Short lived gaseous disks (e.g. Hasegawa and Pudritz 2011;
Bitsch et al. 2015; Alessi et al. 2017) or simply reduced gas accretion rates (Lam-
brechts and Lega 2017) may have frustrated the growth of sufficiently low-mass
planetary embryos to gas giant planets. When the disk dissipates so too does the
accompanying eccentricity and inclination damping (Tanaka and Ward 2004; Cress-
well et al. 2007; Bitsch and Kley 2010). Most resonant chains become unstable and
trigger a late phase of giant collisions in a gas-free (or at least, very low gas den-
sity) environment (Terquem and Papaloizou 2007; Ogihara and Ida 2009; Cossou
et al. 2014; Izidoro et al. 2017). Assuming that 5-10% of systems remain stable af-
ter the disk dissipates, the surviving systems provide a quantitative match to both
the observed super-Earth period ratio and multiplicity distributions (Izidoro et al.
2017). In this context, the Kepler dichotomy is an observational artifact generated
by the bimodal inclination distribution of super-Earths, a few of which have very
low mutual inclinations (and thus a high probability of being discovered as multiple
systems) but the majority have significant mutual inclinations generated by their late
instabilities (Izidoro et al. 2017, see also chapter by Morbidelli). The model simul-
taneously explains the existence of super-Earths in resonant chains like Kepler-223
(Mills et al. 2016) and TRAPPIST-1 (Gillon et al. 2017; Luger et al. 2017).
How can we hope to use observations to differentiate between the drift and migra-
tion models? In its current form the migration model is built on the assumption that
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Fig. 8 Mass and orbital evolution of a simulation of the migration origin for systems of close-
in super-Earths, from Izidoro et al. (2017). A set of ∼Earth-mass planetary embryos starts past
the snow line and migrates inward (with occasional collisions between embryos) to create a long
resonant chain, in this case consisting of 10 super-Earths interior to 0.5 AU. When the gas disk
dissipates at 5 Myr, the system remained quasi-stable but underwent a large-scale instability a few
Myr later (just after 107 years), leading to a phase of late collisions. The final system consists of
just three (relatively massive) super-Earths with modest eccentricities and large enough mutual
inclinations to preclude the transit detection of all three planets.
embryos large enough to migrate should preferentially form far from their stars, past
the snow line. In the Solar System it is indeed thought that large embryos formed
in the outer Solar System and became the cores of the giant planets whereas small
embryos formed in the inner Solar System and became the building blocks of the
terrestrial planets (Morbidelli et al. 2015b). Given their distant formation zones, the
migration model thus predicts that super-Earths should be predominantly water-rich
and thus low-density (Raymond et al. 2008). In contrast, in the drift model pebbles
should have time to devolatilize before accretion as they drift inward and so super-
Earths should be predominantly rocky. However, this difference depends strongly on
where the first planetesimals form, as these serve as the seeds for embryo growth (in
particular for pebble accretion). This question is unresolved: some studies find that
planetesimals first form at∼1 AU (Drazkowska et al. 2016) whereas others find that
planetesimals first form past the snow line (Armitage et al. 2016b; Drazkowska and
Alibert 2017; Carrera et al. 2017). This problem remains for further study, and it has
clear implications for our interpretation of the water abundances of super-Earths.
The transition between super-Earths and mini-Neptunes is thought to be a re-
sult of a competition between accretion and erosion (Ginzburg et al. 2016; Lee and
Chiang 2016, see also chapter by Schlichting). Growing planetary embryos accrete
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primitive atmospheres from the disk (e.g. Lee et al. 2014; Inamdar and Schlicht-
ing 2015) but accretion is slowed by heating associated with small impacts (Hu-
bickyj et al. 2005) and eroded by large impacts (Inamdar and Schlichting 2016) and
during the disk’s dissipation (Ikoma and Hori 2012; Ginzburg et al. 2016). Photo-
evaporation of close-in planets may also play an important role, by preferentially
stripping the atmospheres of low-mass, highly-irradiated planets (Owen and Wu
2013, 2017; Lopez and Rice 2016). Planets located in the “photo-evaporation val-
ley” – the region of very close-in orbits where any atmospheres should have been
stripped from low-mass planets – appear to be mostly rocky (Lopez 2017; Jin and
Mordasini 2018). Of course, this is simply for the closest-in planets, which even in
the migration model may plausibly have been built from rocky material shepherded
inward by migrating, volatile-rich planets (Izidoro et al. 2014b). Yet for more dis-
tant planets it remains challenging to determine unambiguous compositions because
there are at least three categories of building blocks: rock, water and Hydrogen (Sel-
sis et al. 2007; Adams et al. 2008). Only the most extreme densities can lead to a
clear determination (e.g., very high density planets are likely to have little water
or Hydrogen). Many moderate-density planets can be explained either with a large
water content or with a thin Hydrogen atmosphere.
The role of the central star remains to be fully incorporated into models of super-
Earth formation. Compared with FGK stars, Kepler found that M stars have more
super-Earths and fewer mini-Neptunes, and for a higher total planet mass (Mulders
et al. 2015a,b). This remains to be clearly understood, and may be linked with the
low abundance of gas giants around M stars (Lovis and Mayor 2007; Johnson et al.
2007).
Terrestrial planet forming in systems with giant exoplanets
We now consider how terrestrial planets may form in exoplanet systems with gas
giants. The dynamical evolution of such systems is thought to be quite different
than that of Jupiter and Saturn. Indeed, the median eccentricity of giant exoplanets
is 0.25 (Butler et al. 2006b; Udry and Santos 2007b), five times larger than that of
Jupiter and Saturn. Although observational biases preclude a clear determination,
most giant exoplanets are located somewhat closer to their stars, typically at 1-2
AU (Cumming et al. 2008; Mayor et al. 2011b; Rowan et al. 2016; Wittenmyer
et al. 2016).
Two key processes are thought to be responsible for shaping the orbital distri-
bution of giant exoplanets: inward (type 2) migration and planet-planet scattering.
While Jupiter and Saturn certainly migrated, the extent of migration remains un-
clear. Among exoplanet systems a much wider variety of outcomes is possible, as
some planets may have migrated all the way to the inner edge of the disk to become
hot Jupiters (Lin and Papaloizou 1986; Lin et al. 1996). The migration timescale de-
pends on the disk’s properties and is typically hundreds of thousands to millions of
years (Ward 1997; Papaloizou and Terquem 2006; Kley and Nelson 2012; Du¨rmann
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and Kley 2015) The high eccentricities of giant exoplanets are easily explained if
the observed planets are the survivors of system-wide instabilities during which gi-
ant planets scattered repeatedly off of each other during close but violent passages
inside each others’ Hill spheres (Rasio and Ford 1996; Weidenschilling and Marzari
1996; Lin and Ida 1997; Adams and Laughlin 2003; Moorhead and Adams 2005;
Ford et al. 2003; Chatterjee et al. 2008a; Ford and Rasio 2008a; Raymond et al.
2008, 2010a). This phase of planet-planet scattering typically concludes with the
ejection of one of more planets. In some cases scattering can push planets to such
high eccentricities that they pass very close to their stars at pericenter, and tidal dis-
sipation can circularize and shrink their orbits, thus providing an alternate channel
for the origin of hot Jupiters (Nagasawa et al. 2008; Beauge´ and Nesvorny´ 2012).
In light of our current understanding, we now ask the question: how do giant
planet migration and scattering affect the growth and evolution of terrestrial planet
formation?
Giant planet migration has been shown to be much less destructive to terres-
trial planet formation than was generally assumed in the late 1990s and early
2000s (Gonzalez et al. 2001; Lineweaver et al. 2004). An inward-migrating gas
giant does not simply collide with the material in its path (except in rare circum-
stances; Tanaka and Ida 1999). Rather, strong inner mean motion resonances acting
in concert with gas drag shepherd material inward, catalyzing the formation of plan-
ets interior to the giant planets’ final orbits (Fogg and Nelson 2005, 2007; Raymond
et al. 2006a; Mandell et al. 2007). A significant amount – typically ∼50% for typ-
ical disk parameters – of material undergoes close encounters with the giant planet
during its migration and is scattered outward and stranded on eccentric and inclined
orbits as the giant planet migrates away. This material re-accumulates into a new
generation of terrestrial planets that tend to have extremely wide feeding zones and
are thus very volatile-rich (Raymond et al. 2006a; Mandell et al. 2007).
The eccentricity distribution of eccentric giant planets can be matched by planet-
planet scattering models (e.g. Chatterjee et al. 2008b; Juric´ and Tremaine 2008; Ford
and Rasio 2008b; Raymond et al. 2010b). Extrasolar giants planets are typically very
eccentric with median eccentricity of about 0.25 (Butler et al. 2006b; Udry and San-
tos 2007b). About 90% of the gas giants inside 1 AU have eccentricities larger than
0.1 . In contrast to giant planet migration, giant planet scattering is typically very
destructive to terrestrial planet formation. When gas giants go unstable they scat-
ter each other onto eccentric orbits, and any small bodies (planetesimals, planetary
embryos or planets) in their path are typically destroyed (Veras and Armitage 2005,
2006; Raymond et al. 2011, 2012; Matsumura et al. 2013; Marzari 2014; Carrera
et al. 2016). Objects that are closer-in than the gas giants are preferentially driven
onto such eccentric orbits that they collide with the host star, whereas more distant
objects are more likely to be ejected (Raymond et al. 2011, 2017; Marzari 2014).
There is an interesting observational consequence of this process. Both outer plan-
etesimal belts and the terrestrial planet region are strongly perturbed by the giant
planets in between. Debris disk may results from ongoing collisions of planetesi-
mals in these outer regions (Wyatt 2008; Krivov 2010, see also review chapter by
Wyatt). This produces a theoretically-anticipated correlation between debris disks
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and low-mass planets (Raymond et al. 2011, 2012). Such a correlation has not yet
been detected (Moro-Martı´n et al. 2015) but surveys are ongoing.
Given that eccentric orbits are the norm among giant exoplanets, this raises the
question: Why are not Jupiter and Saturn also very eccentric ones? As discussed
above, our current view of Solar System evolution invokes a dynamical instabil-
ity (planet-planet scattering) among the giant planets in the Solar System history
(Gomes et al. 2005; Levison et al. 2011; Nesvorny´ and Morbidelli 2012; Deienno
et al. 2017). However, simulations that match the Solar System show a clear trend:
they avoid close encounters between Jupiter and Saturn during the instability phase
(Morbidelli et al. 2007). Close encounters between a gas- and ice-giant or between
two ice giants are common, but not between two gas giants (Morbidelli et al. 2007).
When a Jupiter-Saturn encounter does happen, Saturn is typically ejected from the
system and Jupiter survives on a much more eccentric orbit than its present-day one.
This less dramatic instability may have prevented our terrestrial planets from being
destroyed, although even a weaker instability can also put the terrestrial planets at
risk (Brasser et al. 2009; Kaib and Chambers 2016).
Putting our Solar System in context
We now ask some big questions. How can we understand our Solar System in a
larger context? What are the key processes that make our system different than
most? Did our Solar System once host a system of hot super-Earths? (quick answer
to the last question: no).
Jupiter is likely the Solar System’s primary architect. Let us consider its poten-
tial effects on the growth of other planets at different phases of growth. Jupiter’s
core was perhaps seeded by an early generation of planetesimals that then grew by
pebble accretion (Ormel et al. 2010b; Lambrechts and Johansen 2012b, 2014, but
see also Brouwers et al. (2017) and Alibert (2017) ). It is unclear where this took
place. Studies have covered the full spectrum of possibilities, from distant forma-
tion followed by inward migration (Bitsch et al. 2015) to in-situ growth (Levison
et al. 2015a) to close-in formation followed by outward migration (Raymond et al.
2016). Nonetheless, once its core reached ∼ 20M⊕ it created a pressure bump ex-
terior to its orbit that blocked the inward pebble flux (Lambrechts et al. 2014). This
acted to starve the inner Solar System and may contribute to explaining why the
embryos in the inner Solar System were so much smaller than the large cores in the
Jupiter-Saturn region (Morbidelli et al. 2015b). Although the direction and speed
are uncertain, Jupiter’s core subsequently migrated, shepherding any nearby cores
and planetesimals (Izidoro et al. 2014b). When Jupiter underwent rapid gas accre-
tion it strongly perturbed the orbits nearby small bodies, scattering them across the
Solar System (and implanting some in the inner Solar System Raymond and Izidoro
2017a). It carved a gap in the disk and transitioned to slower, type 2 migration (Lin
and Papaloizou 1986; Ward 1997; Crida et al. 2006). Jupiter now provided a strong
barrier for more distant planetary embryos that would otherwise migrate inward to
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become close-in super-Earths (Izidoro et al. 2015b). Blocked by Jupiter and Saturn,
these embryos instead accreted to form the ice giants (Izidoro et al. 2015a). Once the
disk dissipated, Jupiter’s dynamical influence played a key role in the late-stage ac-
cretion of the terrestrial planets and the dynamical sculpting of the asteroid belt (e.g.
Raymond et al. 2014; Morbidelli and Raymond 2016).
There are thus two potential ways that Jupiter may explain why the Solar System
is different, specifically our lack of super-Earths. The first is by blocking the pebble
flux and starving the growing terrestrial planetary embryos. The second is by block-
ing the inward migration of large cores (Izidoro et al. 2015a). However, it is worth
noting that two studies have proposed that the Solar System once contained a pop-
ulation of super-Earths that was later destroyed (Volk and Gladman 2015; Batygin
and Laughlin 2015). Let us consider whether this is plausible.
If the Solar System’s presumed primordial super-Earths formed by migration,
they must have migrated inward through the building blocks of the terrestrial plan-
ets. Type-I migration may be directed inwards or outwards (see chapter by Nel-
son) or even be halted depending on the disk local properties (Ward 1986, 1997;
Paardekooper and Mellema 2006, 2008; Baruteau and Masset 2008; Paardekooper
and Papaloizou 2008; Kley et al. 2009; Kley and Crida 2008; Paardekooper et al.
2010, 2011). However, as the disk evolves and cools down any type-I migrating
planets are eventually released to migrate inwards (Lyra et al. 2010; Horn et al.
2012; Bitsch et al. 2014). If their migration was slow, the super-Earths would have
swept the region around 1 AU clean of rocky material such that any planets that
formed there would be decidedly un-Earth-like (see right-panel of Figure 9 Izidoro
et al. 2014b). However, if their migration was fast, super-Earths would simply mi-
grate past rocky planetary embryos without completely disrupting their distribution
(see left-panel of Figure 9). Alternately, if super-Earths formed by the drift model,
it is plausible that they could have accumulated material close-in without perturbing
the terrestrial planets’ growth. Thus, the growth of a population of close-in super-
Earths in the Solar System seems plausible.
The next question is: what could have happened to such a population of close-in
super-Earths? Volk and Gladman (2015) proposed that they were ground to dust by a
series of giant erosive collisions. Batygin and Laughlin (2015) proposed instead that
Jupiter’s migration led to a spike of collisional grinding at ∼1AU that produced a
population of small (∼100-m) planetesimals that drifted inward and became trapped
in exterior resonances with the super-Earths. Strong aerodynamic dissipation in the
planetesimals’ orbits pushed the super-Earths onto the young Sun.
While provocative, each of these studies neglects the fact that planet-forming
disks have inner edges (e.g., see magneto-hydrodynamic simulations of Romanova
et al. 2003, 2008). These edges prevent planets or debris from simply falling onto
the Sun (see discussion in Raymond et al. 2016). Rather, all studies to date suggest
that processes that generate dust or debris should rather catalyze the further growth
of close-in planets (Leinhardt et al. 2009; Kenyon and Bromley 2009; Chatterjee
and Tan 2014). If super-Earths indeed formed in the Solar System, they should still
be here. We conclude that there is no compelling evidence that super-Earths ever
formed in the Solar System.
Formation of Terrestrial Planets 39
0.0 Myr
 0
 0.2
 0.4
 0.6
0.01Myr
 0
 0.2
 0.4
 0.6
0.05 Myr
 0
 0.2
 0.4
 0.6
0.09 Myr
 0
 0.2
 0.4
 0.6
0.11 Myr
 0
 0.2
 0.4
 0.6
Ec
ce
nt
ric
ity
4.2 Myr
0.1 1 10
Semi-major Axis [AU]
0
0.2
0.4
0.6
0.1 Myr
 0
 0.2
 0.4
 0.6
1.0Myr
 0
 0.2
 0.4
 0.6
2.0 Myr
 0
 0.2
 0.4
 0.6
3.0 Myr
 0
 0.2
 0.4
 0.6
4.0 Myr
 0
 0.2
 0.4
 0.6
Ec
ce
nt
ric
ity
4.2 Myr
Semi-major Axis [AU]
0
0.2
0.4
0.6
10 Myr
0.1 1 10
Semi-major Axis [AU]
0
0.2
0.4
0.6
Fig. 9 Snapshots of the dynamical evolution of a population of planetesimal and planetary em-
bryos in the presence of migrating super-Earths. The gray filled circles represent the super-Earths.
planetary embryos and planetesimals are shown by open circles and small dots, respectively. The
super-Earth system is composed of six super-Earths with masses roughly similar to those of the
Kepler 11 system (e.g. Lissauer et al. 2013). The left-panel shows a simulation where the system
of super-Earths migrate fast, in a short timescale of about 100 kyr. The right-panel represents a
simulation where the system of super-Earths migrate slowly, in a timescale comparable to the disk
lifetime. Figure adapted from (Izidoro et al. 2014b)
Considering only the Sun and Jupiter, exoplanet statistics tell us that the Solar
System is already at best a 1% outlier (and more like 0.1% when considering all
stellar types; see discussion in Morbidelli and Raymond 2016). Yet it is likely that
Earth-sized planets on Earth-like orbits may be far more common. The Drake equa-
tion parameter eta-Earth – the fraction of stars that host a roughly Earth-mass or
Earth-sized planet in the habitable zone – has been directly measured for low-mass
stars to be tens of percent (Bonfils et al. 2013; Kopparapu 2013; Dressing and Char-
bonneau 2015). Yet how ‘Earth-like’ are such planets? Without Jupiter, would a
planet at Earth’s distance still look like our own Earth?
When viewed through the lens of planet formation, two of Earth’s characteris-
tics are unusual: its water content and formation timescale. The building blocks of
planets tend to either be very dry or very wet (∼10% water like carbonaceous chon-
drites, or ∼50% water like comets). While Earth’s composition can be explained by
having grown mostly from dry material with only a sprinkling of wet material. A
simple explanation is that, even though its formation provided a sprinkling of water-
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rich material (Raymond and Izidoro 2017a), Jupiter blocked later water delivery
(e.g. Morbidelli et al. 2016; Sato et al. 2016). Without Jupiter it stands to reason that
Earth should either be completely dry or, more likely, much wetter.
Earth’s last giant impact is constrained not to have happened earlier than ∼40
Myr after CAIs (Touboul et al. 2007; Kleine et al. 2009; Avice et al. 2017). How-
ever, most ‘Earth-like’ planets probably form much faster. Super-Earths typically
complete their formation shortly after dispersal of the gaseous disk (Izidoro et al.
2017; Alessi et al. 2017). Accretion in the terrestrial planet zone of low-mass stars
is similarly fast whether or not migration is accounted for (Raymond et al. 2007b;
Lissauer 2007; Ogihara and Ida 2009). The geophysical consequences of fast accre-
tion remain to be further explored, but it stands to reason that fast-growing planets
are likely to be hotter and may thus lose more of their water compared with slower-
growing planets like Earth. This could in principle counteract our previous assertion
that most terrestrial planets should be wetter than Earth.
While other Earths remain a glamorous target for exoplanet searches, we think
that understanding how other planets are similar to and different than our own Solar
System is a worthy goal in itself. For instance, the abundance and configuration of
ice giants on orbits exterior to gas giants will constrain our understanding of orbital
migration. Likewise, the radial ordering of systems with different-sized planets at
different orbital distances will constrain models of pebble accretion.
Summary
We have reviewed the current paradigm of terrestrial planet formation, from dust-
coagulation to planetesimal formation to the late stage accretion. We discussed the
classical scenario of terrestrial planet formation and the more recently proposed al-
ternatives to the Grand-Tack model, the primordial low-mass and empty asteroid
belt models. We discussed the origins of hot super-Earths, placed the Solar System
in the context of exoplanets and discussed terrestrial planet formation in exoplane-
tary systems. Below we summarize some of the key questions discussed here:
• The streaming instability stands as a promising mechanism to explain how mm-
to cm-sized particles grow to 100 km-scale planetesimals. Yet the streaming in-
stability require specific conditions to operate and this implies that planetesimals
may form in preferential locations (e.g., just beyond the snow line).
• Planetesimals grow into planetary embryos (or giant planet cores) by accreting
planetesimals or pebbles (or a combination of both). Simulations of planetesimal
accretion struggle to grow giant planet cores within the lifetime of protoplanetary
disks. Pebble accretion may solve this long-standing timescale conflict, but key
aspects of pebble accretion remain to be better understood.
• Three models of the late stage of accretion of terrestrial planet can explain the
structure of the inner Solar System: the Grand-Tack, the primordial low-mass as-
teroid belt and the primordial empty asteroid belt scenarios. A clear future step in
planet formation is to differentiate between these models. Tests may be based on
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observations or detailed studies of key mechanisms such as the location of plan-
etesimal formation, gas accretion onto cores and planet migration. Combining
N-body simulations with geochemical models is another powerful tool.
• Hot super-Earths cannot form by pure in-situ accretion. Super-Earths forming in-
situ would grow extremely fast because of the large solid masses required in the
inner regions and the corresponding short dynamical timescales. If super-Earths
form rapidly in the gaseous disk, they must migrate and not form ‘in-situ’.
• Close-in super-Earths may have formed farther from their stars and migrated
inward. Migration creates resonant chains anchored at the inner edge of the disk,
most of which destabilize when the disk dissipates and quantitatively match the
super-Earths’ observed properties. No system of super-Earths is likely to have
formed in the Solar System simply because it should still exist today (given that
disks have inner edges that prevent planets from migrating onto their stars).
• The Solar System is quantifiably unusual in its lack of super-Earths and in having
a wide-orbit gas giant on a low-eccentricity orbit (a ∼1% rarity among Sun-like
stars). These two characteristics may be linked, as Jupiter may have prevented
Uranus and Neptune from invading the inner Solar System. In addition, the lack
of close encounters between Jupiter and Saturn during the Solar System instabil-
ity may have prevented the destruction of the terrestrial planets.
• Future exoplanet surveys proving data on the occurrence of planets at moderate
distances from the host star and more refined constraints on the bulk composition
of transiting low-mass planets will shed light on the deep mysteries of terrestrial
planet formation.
Acknowledgements We acknowledge a large community of colleagues whose contributions made
this review possible. A. I. thanks FAPESP (Sa˜o Paulo Research Foundation) for support via grants
16/12686-2 and 16/19556-7. S. N. R. thanks the Agence Nationale pour la Recherche via grant
ANR-13-BS05-0003-002 (MOJO). We thank Ralph Pudritz for the invitation to write this review.
A. I. is also truly grateful to doctor Marcelo M. Sad for his dedication, calm and expertise during
the treatment of a health problem manifested during the preparation of this project.
References
Aarseth SJ, Lin DNC Palmer PL (1993) Evolution of Planetesimals. II. Numerical Simulations.
ApJ403:351
Adachi I, Hayashi C Nakazawa K (1976) The gas drag effect on the elliptical motion of a solid
body in the primordial solar nebula. Progress of Theoretical Physics 56:1756–1771
Adams ER, Seager S Elkins-Tanton L (2008) Ocean Planet or Thick Atmosphere: On the Mass-
Radius Relationship for Solid Exoplanets with Massive Atmospheres. ApJ673:1160–1164
Adams FC Laughlin G (2003) Migration and dynamical relaxation in crowded systems of giant
planets. Icarus 163:290–306
Agnor CB, Canup RM Levison HF (1999) On the Character and Consequences of Large Impacts
in the Late Stage of Terrestrial Planet Formation. Icarus142:219–237
Alessi M, Pudritz RE Cridland AJ (2017) On the formation and chemical composition of super
Earths. MNRAS464:428–452
42 Andre´ Izidoro and Sean N. Raymond
Alexander CMO, Bowden R, Fogel ML et al. (2012) The Provenances of Asteroids, and Their
Contributions to the Volatile Inventories of the Terrestrial Planets. Science 337:721
Alexander R, Pascucci I, Andrews S, Armitage P Cieza L (2014) The Dispersal of Protoplanetary
Disks. Protostars and Planets VI pp 475–496
Alibert Y (2017) Maximum mass of planetary embryos that formed in core-accretion models.
A&A606:A69
Alibert Y, Mordasini C, Benz W Winisdoerffer C (2005) Models of giant planet formation with
migration and disc evolution. A&A434:343–353
Alle`gre CJ, Manhe`s G Go¨pel C (2008) The major differentiation of the Earth at ∼ 4.45 Ga. Earth
and Planetary Science Letters 267:386–398
ALMA Partnership, Brogan CL, Pe´rez LM et al. (2015) The 2014 ALMA Long Baseline Cam-
paign: First Results from High Angular Resolution Observations toward the HL Tau Region.
ApJ808:L3
Andre´ P, Di Francesco J, Ward-Thompson D et al. (2014) From Filamentary Networks to Dense
Cores in Molecular Clouds: Toward a New Paradigm for Star Formation. Protostars and Planets
VI pp 27–51
Andrews SM, Wilner DJ, Hughes AM, Qi C Dullemond CP (2010) Protoplanetary Disk Structures
in Ophiuchus. II. Extension to Fainter Sources. ApJ723:1241–1254
Ansdell M, Williams JP, Manara CF et al. (2017) An ALMA Survey of Protoplanetary Disks in the
σ Orionis Cluster. AJ153:240
Armitage PJ (2011) Dynamics of Protoplanetary Disks. ARA&A49:195–236
Armitage PJ, Eisner JA Simon JB (2016a) Prompt Planetesimal Formation beyond the Snow Line.
ApJ828:L2
Armitage PJ, Eisner JA Simon JB (2016b) Prompt Planetesimal Formation beyond the Snow Line.
ApJ828:L2
Asphaug E, Jutzi M Movshovitz N (2011) Chondrule formation during planetesimal accretion.
Earth and Planetary Science Letters 308:369–379
Avice G, Marty B Burgess R (2017) The origin and degassing history of the Earth’s atmosphere
revealed by Archean xenon. Nature Communications 8:15455
Badro J, Coˆte´ AS Brodholt JP (2014) A seismologically consistent compositional model of Earth’s
core. Proceedings of the National Academy of Science 111:7542–7545
Bai XN Stone JM (2010) Dynamics of Solids in the Midplane of Protoplanetary Disks: Implica-
tions for Planetesimal Formation. ApJ722:1437–1459
Baker VR, Strom RG, Gulick VC, Kargel JS Komatsu G (1991) Ancient oceans, ice sheets and the
hydrological cycle on Mars. Nature352:589–594
Balbus SA (2003) Enhanced Angular Momentum Transport in Accretion Disks. ARA&A41:555–
597
Balbus SA Hawley JF (1991) A powerful local shear instability in weakly magnetized disks. I -
Linear analysis. II - Nonlinear evolution. ApJ376:214–233
Barge P, Richard S Le Dize`s S (2016) Vortices in stratified protoplanetary disks. From baroclinic
instability to vortex layers. A&A592:A136
Barker AJ Latter HN (2015) On the vertical-shear instability in astrophysical discs.
MNRAS450:21–37
Barnes R, Quinn TR, Lissauer JJ Richardson DC (2009) N-Body simulations of growth from 1 km
planetesimals at 0.4 AU. Icarus203:626–643
Baruteau C Masset F (2008) On the Corotation Torque in a Radiatively Inefficient Disk.
ApJ672:1054-1067
Bate MR (2018) On the diversity and statistical properties of protostellar discs. MNRAS
Batygin K Laughlin G (2015) Jupiter’s decisive role in the inner Solar System’s early evolution.
Proceedings of the National Academy of Science 112:4214–4217
Beauge C Aarseth SJ (1990) N-body simulations of planetary formation. MNRAS245:30–39
Beauge´ C Nesvorny´ D (2012) Multiple-planet Scattering and the Origin of Hot Jupiters.
ApJ751:119
Formation of Terrestrial Planets 43
Beckwith SVW, Sargent AI, Chini RS Guesten R (1990) A survey for circumstellar disks around
young stellar objects. AJ99:924–945
Binney J Tremaine S (2008) Galactic Dynamics: Second Edition. Princeton University Press
Birnstiel T, Ormel CW Dullemond CP (2011) Dust size distributions in coagulation/fragmentation
equilibrium: numerical solutions and analytical fits. A&A525:A11
Birnstiel T, Klahr H Ercolano B (2012) A simple model for the evolution of the dust population in
protoplanetary disks. A&A539:A148
Bitsch B Kley W (2010) Orbital evolution of eccentric planets in radiative discs. A&A523:A30
Bitsch B, Morbidelli A, Lega E Crida A (2014) Stellar irradiated discs and implications on migra-
tion of embedded planets. II. Accreting-discs. A&A564:A135
Bitsch B, Lambrechts M Johansen A (2015) The growth of planets by pebble accretion in evolving
protoplanetary discs. A&A582:A112
Blum J Wurm G (2000) Experiments on Sticking, Restructuring, and Fragmentation of Preplane-
tary Dust Aggregates. Icarus143:138–146
Blum J Wurm G (2008) The Growth Mechanisms of Macroscopic Bodies in Protoplanetary Disks.
ARA&A46:21–56
Blum J, Wurm G, Kempf S et al. (2000) Growth and Form of Planetary Seedlings: Results from a
Microgravity Aggregation Experiment. Physical Review Letters 85:2426–2429
Bodenheimer P Pollack JB (1986) Calculations of the accretion and evolution of giant planets The
effects of solid cores. Icarus67:391–408
Boley AC, Morris MA Ford EB (2014) Overcoming the Meter Barrier and the Formation of Sys-
tems with Tightly Packed Inner Planets (STIPs). ApJ792:L27
Bonfils X, Delfosse X, Udry S et al. (2013) The HARPS search for southern extra-solar planets.
XXXI. The M-dwarf sample. A&A549:A109
Borucki WJ, Koch D, Basri G et al. (2010a) Kepler Planet-Detection Mission: Introduction and
First Results. Science 327:977
Borucki WJ, Koch D, Basri G et al. (2010b) Kepler Planet-Detection Mission: Introduction and
First Results. Science 327:977–
Bouvier A Wadhwa M (2010) The age of the Solar System redefined by the oldest Pb-Pb age of a
meteoritic inclusion. Nature Geoscience 3:637–641
Brasser R, Morbidelli A, Gomes R, Tsiganis K Levison HF (2009) Constructing the secular archi-
tecture of the solar system II: the terrestrial planets. A&A507:1053–1065
Brasser R, Matsumura S, Ida S, Mojzsis SJ Werner SC (2016) Analysis of Terrestrial Planet For-
mation by the Grand Tack Model: System Architecture and Tack Location. ApJ821:75
Brauer F, Dullemond CP, Johansen A et al. (2007) Survival of the mm-cm size grain population
observed in protoplanetary disks. A&A469:1169–1182
Brauer F, Henning T Dullemond CP (2008) Planetesimal formation near the snow line in MRI-
driven turbulent protoplanetary disks. A&A487:L1–L4
Bricen˜o C, Vivas AK, Calvet N et al. (2001) The CIDA-QUEST Large-Scale Survey of Orion OB1:
Evidence for Rapid Disk Dissipation in a Dispersed Stellar Population. Science 291:93–97
Bromley BC Kenyon SJ (2011) A New Hybrid N-body-coagulation Code for the Formation of Gas
Giant Planets. ApJ731:101
Bromley BC Kenyon SJ (2017) Terrestrial Planet Formation: Dynamical Shake-up and the Low
Mass of Mars. AJ153:216
Brouwers MG, Vazan A Ormel CW (2017) How cores grow by pebble accretion I. Direct core
growth. ArXiv e-prints
Butler RP, Wright JT, Marcy GW et al. (2006a) Catalog of Nearby Exoplanets. ApJ646:505–522
Butler RP, Wright JT, Marcy GW et al. (2006b) Catalog of Nearby Exoplanets. ApJ646:505–522
Carrera D, Davies MB Johansen A (2016) Survival of habitable planets in unstable planetary sys-
tems. MNRAS463:3226–3238
Carrera D, Gorti U, Johansen A Davies MB (2017) Planetesimal Formation by the Streaming
Instability in a Photoevaporating Disk. ApJ839:16
Chambers J (2006) A semi-analytic model for oligarchic growth. Icarus180:496–513
44 Andre´ Izidoro and Sean N. Raymond
Chambers JE (1999) A hybrid symplectic integrator that permits close encounters between massive
bodies. MNRAS304:793–799
Chambers JE (2001) Making More Terrestrial Planets. Icarus152:205–224
Chambers JE (2010) Planetesimal formation by turbulent concentration. Icarus208:505–517
Chambers JE (2016) Pebble Accretion and the Diversity of Planetary Systems. ApJ825:63
Chambers JE Wetherill GW (1998) Making the Terrestrial Planets: N-Body Integrations of Plane-
tary Embryos in Three Dimensions. Icarus136:304–327
Chatterjee S Tan JC (2014) Inside-out Planet Formation. ApJ780:53
Chatterjee S Tan JC (2015) Vulcan Planets: Inside-out Formation of the Innermost Super-Earths.
ApJ798:L32
Chatterjee S, Ford EB, Matsumura S Rasio FA (2008a) Dynamical Outcomes of Planet-Planet
Scattering. ApJ686:580–602
Chatterjee S, Ford EB, Matsumura S Rasio FA (2008b) Dynamical Outcomes of Planet-Planet
Scattering. ApJ686:580-602
Chen J Kipping D (2017) Probabilistic Forecasting of the Masses and Radii of Other Worlds.
ApJ834:17
Chiang E Laughlin G (2013) The minimum-mass extrasolar nebula: in situ formation of close-in
super-Earths. MNRAS431:3444–3455
Chiang E Youdin AN (2010) Forming Planetesimals in Solar and Extrasolar Nebulae. Annual
Review of Earth and Planetary Sciences 38:493–522
Chokshi A, Tielens AGGM Hollenbach D (1993) Dust coagulation. ApJ407:806–819
Ciardi DR, Fabrycky DC, Ford EB et al. (2013) On the Relative Sizes of Planets within Kepler
Multiple-candidate Systems. ApJ763:41
Connelly JN, Bizzarro M, Krot AN et al. (2012) The Absolute Chronology and Thermal Processing
of Solids in the Solar Protoplanetary Disk. Science 338:651
Cossou C, Raymond SN, Hersant F Pierens A (2014) Hot super-Earths and giant planet cores from
different migration histories. A&A569:A56
Cresswell P, Dirksen G, Kley W Nelson RP (2007) On the evolution of eccentric and inclined
protoplanets embedded in protoplanetary disks. A&A473:329–342
Crida A (2009) Minimum Mass Solar Nebulae and Planetary Migration. ApJ698:606–614
Crida A, Morbidelli A Masset F (2006) On the width and shape of gaps in protoplanetary disks.
Icarus 181:587–604
Cumming A, Butler RP, Marcy GW et al. (2008) The Keck Planet Search: Detectability and the
Minimum Mass and Orbital Period Distribution of Extrasolar Planets. PASP120:531–554
Cuzzi JN Weidenschilling SJ (2006) Particle-Gas Dynamics and Primary Accretion, pp 353–381
Cuzzi JN, Hogan RC Shariff K (2008) Toward Planetesimals: Dense Chondrule Clumps in the
Protoplanetary Nebula. ApJ687:1432-1447
D’Angelo G Marzari F (2012) Outward Migration of Jupiter and Saturn in Evolved Gaseous Disks.
ApJ757:50
Dauphas N (2017) The isotopic nature of the Earth’s accreting material through time.
Nature541:521–524
Dauphas N Chaussidon M (2011) A Perspective from Extinct Radionuclides on a Young Stel-
lar Object: The Sun and Its Accretion Disk. Annual Review of Earth and Planetary Sciences
39:351–386
Dauphas N Pourmand A (2011) Hf-W-Th evidence for rapid growth of Mars and its status as a
planetary embryo. Nature473:489–492
Dawson RI, Lee EJ Chiang E (2016) Correlations between Compositions and Orbits Established
by the Giant Impact Era of Planet Formation. ApJ822:54
Deienno R, Gomes RS, Walsh KJ, Morbidelli A Nesvorny´ D (2016) Is the Grand Tack model
compatible with the orbital distribution of main belt asteroids? Icarus272:114–124
Deienno R, Morbidelli A, Gomes RS Nesvorny´ D (2017) Constraining the Giant Planets’ Initial
Configuration from Their Evolution: Implications for the Timing of the Planetary Instability.
AJ153:153
Formation of Terrestrial Planets 45
DeMeo FE Carry B (2013) The taxonomic distribution of asteroids from multi-filter all-sky photo-
metric surveys. Icarus226:723–741
DeMeo FE Carry B (2014) Solar System evolution from compositional mapping of the asteroid
belt. Nature505:629–634
DeMeo FE, Alexander CMO, Walsh KJ, Chapman CR Binzel RP (2015) The Compositional Struc-
ture of the Asteroid Belt, pp 13–41. DOI 10.2458/azu uapress 9780816532131-ch002
Desch SJ (2007) Mass Distribution and Planet Formation in the Solar Nebula. ApJ671:878–893
Desch SJ Connolly HC Jr (2002) A model of the thermal processing of particles in solar neb-
ula shocks: Application to the cooling rates of chondrules. Meteoritics and Planetary Science
37:183–207
Dodson-Robinson SE, Willacy K, Bodenheimer P, Turner NJ Beichman CA (2009) Ice lines, plan-
etesimal composition and solid surface density in the solar nebula. Icarus200:672–693
Dominik C Nu¨bold H (2002) Magnetic Aggregation: Dynamics and Numerical Modeling.
Icarus157:173–186
Dominik C Tielens AGGM (1997) The Physics of Dust Coagulation and the Structure of Dust
Aggregates in Space. ApJ480:647–673
Donahue TM, Hoffman JH, Hodges RR Watson AJ (1982) Venus was wet - A measurement of the
ratio of deuterium to hydrogen. Science 216:630–633
Dong R, Zhu Z Whitney B (2015) Observational Signatures of Planets in Protoplanetary Disks I.
Gaps Opened by Single and Multiple Young Planets in Disks. ApJ809:93
Dong S Zhu Z (2013) Fast Rise of ”Neptune-size” Planets (4-8 R Ł) from P ˜ 10 to ˜250 Days –
Statistics of Kepler Planet Candidates up to ˜0.75 AU. ApJ778:53
Drake MJ Campins H (2006) Origin of water on the terrestial planets. In: Daniela L, Sylvio Ferraz
M Angel FJ (eds) Asteroids, Comets, Meteors, IAU Symposium, vol 229, pp 381–394, DOI
10.1017/S1743921305006861
Drazkowska J Alibert Y (2017) Planetesimal formation starts at the snow line. A&A608:A92
Drazkowska J Dullemond CP (2014) Can dust coagulation trigger streaming instability?
A&A572:A78
Drazkowska J, Windmark F Dullemond CP (2013) Planetesimal formation via sweep-up growth at
the inner edge of dead zones. A&A556:A37
Drazkowska J, Alibert Y Moore B (2016) Close-in planetesimal formation by pile-up of drifting
pebbles. A&A594:A105
Dressing CD Charbonneau D (2015) The Occurrence of Potentially Habitable Planets Orbiting M
Dwarfs Estimated from the Full Kepler Dataset and an Empirical Measurement of the Detection
Sensitivity. ApJ807:45
Dullemond CP, Hollenbach D, Kamp I D’Alessio P (2007) Models of the Structure and Evolution
of Protoplanetary Disks. Protostars and Planets V pp 555–572
Duncan MJ, Levison HF Lee MH (1998) A Multiple Time Step Symplectic Algorithm for Inte-
grating Close Encounters. AJ116:2067–2077
Du¨rmann C Kley W (2015) Migration of massive planets in accreting disks. A&A574:A52
Dutrey A, Lecavelier Des Etangs A Augereau JC (2004) The observation of circumstellar disks:
dust and gas components, pp 81–95
Eke VR, Lawrence DJ Teodoro LFA (2017) How thick are Mercury’s polar water ice deposits?
Icarus284:407–415
Fabrycky DC, Lissauer JJ, Ragozzine D et al. (2014) Architecture of Kepler’s Multi-transiting
Systems. II. New Investigations with Twice as Many Candidates. ApJ790:146
Fang J Margot JL (2012) Architecture of Planetary Systems Based on Kepler Data: Number of
Planets and Coplanarity. ApJ761:92
Fedele D, Tazzari M, Booth R et al. (2017) ALMA continuum observations of the protoplanetary
disk AS 209. Evidence of multiple gaps opened by a single planet. ArXiv e-prints
Fernandez JA Ip WH (1984) Some dynamical aspects of the accretion of Uranus and Neptune -
The exchange of orbital angular momentum with planetesimals. Icarus58:109–120
Fischer DA, Howard AW, Laughlin GP et al. (2014) Exoplanet Detection Techniques. Protostars
and Planets VI pp 715–737
46 Andre´ Izidoro and Sean N. Raymond
Fischer RA Ciesla FJ (2014) Dynamics of the terrestrial planets from a large number of N-body
simulations. Earth and Planetary Science Letters 392:28–38
Flock M, Ruge JP, Dzyurkevich N et al. (2015) Gaps, rings, and non-axisymmetric structures in
protoplanetary disks. From simulations to ALMA observations. A&A574:A68
Fogg MJ Nelson RP (2005) Oligarchic and giant impact growth of terrestrial planets in the presence
of gas giant planet migration. A&A441:791–806
Fogg MJ Nelson RP (2007) On the formation of terrestrial planets in hot-Jupiter systems.
A&A461:1195–1208
Ford EB Rasio FA (2008a) Origins of Eccentric Extrasolar Planets: Testing the Planet-Planet Scat-
tering Model. ApJ686:621–636
Ford EB Rasio FA (2008b) Origins of Eccentric Extrasolar Planets: Testing the Planet-Planet Scat-
tering Model. ApJ686:621-636
Ford EB, Rasio FA Yu K (2003) Dynamical Instabilities in Extrasolar Planetary Systems. In:
D Deming & S Seager (ed) Scientific Frontiers in Research on Extrasolar Planets, Astronomical
Society of the Pacific Conference Series, vol 294, pp 181–188
Fressin F, Torres G, Charbonneau D et al. (2013a) The False Positive Rate of Kepler and the
Occurrence of Planets. ApJ766:81
Fressin F, Torres G, Charbonneau D et al. (2013b) The False Positive Rate of Kepler and the
Occurrence of Planets. ApJ766:81
Genda H Ikoma M (2008) Origin of the ocean on the Earth: Early evolution of water D/H in a
hydrogen-rich atmosphere. Icarus194:42–52
Gillon M, Triaud AHMJ, Demory BO et al. (2017) Seven temperate terrestrial planets around the
nearby ultracool dwarf star TRAPPIST-1. Nature542:456–460
Ginzburg S, Schlichting HE Sari R (2016) Super-Earth Atmospheres: Self-consistent Gas Accre-
tion and Retention. ApJ825:29
Glaschke P, Amaro-Seoane P Spurzem R (2014) Hybrid methods in planetesimal dynamics: de-
scription of a new composite algorithm. MNRAS445:3620–3649
Goldreich P Tremaine S (1980) Disk-satellite interactions. ApJ241:425–441
Goldreich P Tremaine SD (1978) The velocity dispersion in Saturn’s rings. Icarus34:227–239
Goldreich P Ward WR (1973) The Formation of Planetesimals. ApJ183:1051–1062
Goldreich P, Lithwick Y Sari R (2004) Planet Formation by Coagulation: A Focus on Uranus and
Neptune. ARA&A42:549–601
Gomes R, Levison HF, Tsiganis K Morbidelli A (2005) Origin of the cataclysmic Late Heavy
Bombardment period of the terrestrial planets. Nature435:466–469
Gonzalez G, Brownlee D Ward P (2001) The Galactic Habitable Zone: Galactic Chemical Evolu-
tion. Icarus152:185–200
Gorti U Hollenbach D (2009) Photoevaporation of Circumstellar Disks By Far-Ultraviolet,
Extreme-Ultraviolet and X-Ray Radiation from the Central Star. ApJ690:1539–1552
Gorti U, Hollenbach D Dullemond CP (2015) The Impact of Dust Evolution and Photoevaporation
on Disk Dispersal. ApJ804:29
Gradie J Tedesco E (1982) Compositional structure of the asteroid belt. Science 216:1405–1407
Greenberg R, Hartmann WK, Chapman CR Wacker JF (1978) Planetesimals to planets - Numerical
simulation of collisional evolution. Icarus35:1–26
Greenberg R, Bottke WF, Carusi A Valsecchi GB (1991) Planetary accretion rates - Analytical
derivation. Icarus94:98–111
Greenzweig Y Lissauer JJ (1990) Accretion rates of protoplanets. Icarus87:40–77
Grimm SL Stadel JG (2014) The GENGA Code: Gravitational Encounters in N-body Simulations
with GPU Acceleration. ApJ796:23
Grinspoon DH (1993) Implications of the high D/H ratio for the sources of water in Venus’ atmo-
sphere. Nature363:428–431
Grishin E Perets HB (2015) Application of Gas Dynamical Friction for Planetesimals. I. Evolution
of Single Planetesimals. ApJ811:54
Grossman L Larimer JW (1974) Early chemical history of the solar system. Reviews of Geophysics
and Space Physics 12:71–101
Formation of Terrestrial Planets 47
Guillot T, Stevenson DJ, Hubbard WB Saumon D (2004) The interior of Jupiter, pp 35–57
Gundlach B, Kilias S, Beitz E Blum J (2011) Micrometer-sized ice particles for planetary-
science experiments - I. Preparation, critical rolling friction force, and specific surface energy.
Icarus214:717–723
Gu¨ttler C, Blum J, Zsom A, Ormel CW Dullemond CP (2010) The outcome of protoplanetary
dust growth: pebbles, boulders, or planetesimals?. I. Mapping the zoo of laboratory collision
experiments. A&A513:A56
Haghighipour N Boss AP (2003) On Gas Drag-Induced Rapid Migration of Solids in a Nonuniform
Solar Nebula. ApJ598:1301–1311
Haghighipour N Winter OC (2016) Formation of terrestrial planets in disks with different surface
density profiles. Celestial Mechanics and Dynamical Astronomy 124:235–268
Hahn JM Malhotra R (1999) Orbital Evolution of Planets Embedded in a Planetesimal Disk.
AJ117:3041–3053
Haisch KE Jr, Lada EA Lada CJ (2001) Disk Frequencies and Lifetimes in Young Clusters.
ApJ553:L153–L156
Halliday AN (2008) A young Moon-forming giant impact at 70-110 million years accompanied
by late-stage mixing, core formation and degassing of the Earth. Philosophical Transactions of
the Royal Society of London Series A 366:4163–4181
Halliday AN (2013) The origins of volatiles in the terrestrial planets. Geochim Cosmochim
Acta105:146–171
Hallis LJ, Huss GR, Nagashima K et al. (2015) Evidence for primordial water in Earth’s deep
mantle. Science 350:795–797
Hansen BMS (2009) Formation of the Terrestrial Planets from a Narrow Annulus. ApJ703:1131–
1140
Hansen BMS Murray N (2012) Migration Then Assembly: Formation of Neptune-mass Planets
inside 1 AU. ApJ751:158
Hansen BMS Murray N (2013) Testing in Situ Assembly with the Kepler Planet Candidate Sample.
ApJ775:53
Hasegawa Y Pudritz RE (2011) The origin of planetary system architectures - I. Multiple planet
traps in gaseous discs. MNRAS417:1236–1259
Hasegawa Y Pudritz RE (2012) Evolutionary Tracks of Trapped, Accreting Protoplanets: The Ori-
gin of the Observed Mass-Period Relation. ApJ760:117
Hayashi C (1981) Structure of the Solar Nebula, Growth and Decay of Magnetic Fields and Ef-
fects of Magnetic and Turbulent Viscosities on the Nebula. Progress of Theoretical Physics
Supplement 70:35–53
Heim LO, Blum J, Preuss M Butt HJ (1999) Adhesion and Friction Forces between Spherical
Micrometer-Sized Particles. Physical Review Letters 83:3328–3331
Hillenbrand LA (2008) Disk-dispersal and planet-formation timescales. Physica Scripta Volume T
130(1):014024
Holland WS, Greaves JS, Zuckerman B et al. (1998) Submillimetre images of dusty debris around
nearby stars. Nature392:788–791
Horn B, Lyra W, Mac Low MM Sa´ndor Z (2012) Orbital Migration of Interacting Low-mass Plan-
ets in Evolutionary Radiative Turbulent Models. ApJ750:34
Howard AW, Marcy GW, Johnson JA et al. (2010a) The Occurrence and Mass Distribution of
Close-in Super-Earths, Neptunes, and Jupiters. Science 330:653
Howard AW, Marcy GW, Johnson JA et al. (2010b) The Occurrence and Mass Distribution of
Close-in Super-Earths, Neptunes, and Jupiters. Science 330:653–
Howard AW, Marcy GW, Bryson ST et al. (2012a) Planet Occurrence within 0.25 AU of Solar-type
Stars from Kepler. ApJS201:15
Howard AW, Marcy GW, Bryson ST et al. (2012b) Planet Occurrence within 0.25 AU of Solar-type
Stars from Kepler. ApJS201:15
Hu X, Zhu Z, Tan JC Chatterjee S (2016) Inside-out Planet Formation. III. Planet-Disk Interaction
at the Dead Zone Inner Boundary. ApJ816:19
48 Andre´ Izidoro and Sean N. Raymond
Hu X, Tan JC, Zhu Z et al. (2017) Inside-Out Planet Formation. IV. Pebble Evolution and Planet
Formation Timescales. ArXiv e-prints
Hubickyj O, Bodenheimer P Lissauer JJ (2005) Accretion of the gaseous envelope of Jupiter around
a 5 10 Earth-mass core. Icarus 179:415–431
Ida S Guillot T (2016) Formation of dust-rich planetesimals from sublimated pebbles inside of the
snow line. A&A596:L3
Ida S Lin DNC (2004) Toward a Deterministic Model of Planetary Formation. I. A Desert in the
Mass and Semimajor Axis Distributions of Extrasolar Planets. ApJ604:388–413
Ida S Makino J (1993) Scattering of planetesimals by a protoplanet - Slowing down of runaway
growth. Icarus106:210
Ida S Nakazawa K (1989) Collisional probability of planetesimals revolving in the solar gravita-
tional field. III. A&A224:303–315
Ikoma M Genda H (2006) Constraints on the Mass of a Habitable Planet with Water of Nebular
Origin. ApJ648:696–706
Ikoma M Hori Y (2012) In Situ Accretion of Hydrogen-rich Atmospheres on Short-period Super-
Earths: Implications for the Kepler-11 Planets. ApJ753:66
Inaba S, Wetherill GW Ikoma M (2003) Formation of gas giant planets: core accretion models with
fragmentation and planetary envelope. Icarus166:46–62
Inamdar NK Schlichting HE (2015) The formation of super-Earths and mini-Neptunes with giant
impacts. MNRAS448:1751–1760
Inamdar NK Schlichting HE (2016) Stealing the Gas: Giant Impacts and the Large Diversity in
Exoplanet Densities. ApJ817:L13
Isella A, Pe´rez LM, Carpenter JM et al. (2013) An Azimuthal Asymmetry in the LkHα 330 Disk.
ApJ775:30
Izidoro A, de Souza Torres K, Winter OC Haghighipour N (2013) A Compound Model for the
Origin of Earth’s Water. ApJ767:54
Izidoro A, Haghighipour N, Winter OC Tsuchida M (2014a) Terrestrial Planet Formation in a
Protoplanetary Disk with a Local Mass Depletion: A Successful Scenario for the Formation of
Mars. ApJ782:31
Izidoro A, Morbidelli A Raymond SN (2014b) Terrestrial Planet Formation in the Presence of
Migrating Super-Earths. ApJ794:11
Izidoro A, Morbidelli A, Raymond SN, Hersant F Pierens A (2015a) Accretion of Uranus and Nep-
tune from inward-migrating planetary embryos blocked by Jupiter and Saturn. A&A582:A99
Izidoro A, Raymond SN, Morbidelli A, Hersant F Pierens A (2015b) Gas Giant Planets as Dynam-
ical Barriers to Inward-Migrating Super-Earths. ApJ800:L22
Izidoro A, Raymond SN, Morbidelli A Winter OC (2015c) Terrestrial planet formation constrained
by Mars and the structure of the asteroid belt. MNRAS453:3619–3634
Izidoro A, Raymond SN, Pierens A et al. (2016) The Asteroid Belt as a Relic from a Chaotic Early
Solar System. ApJ833:40
Izidoro A, Ogihara M, Raymond SN et al. (2017) Breaking the chains: hot super-Earth systems
from migration and disruption of compact resonant chains. MNRAS470:1750–1770
Jacobsen SB (2005) The Hf-W Isotopic System and the Origin of the Earth and Moon. Annual
Review of Earth and Planetary Sciences 33:531–570
Jacobson SA Morbidelli A (2014) Lunar and terrestrial planet formation in the Grand Tack sce-
nario. Philosophical Transactions of the Royal Society of London Series A 372:0174
Jacobson SA Walsh KJ (2015) Earth and Terrestrial Planet Formation. Washington DC American
Geophysical Union Geophysical Monograph Series 212:49–70
Jacobson SA, Morbidelli A, Raymond SN et al. (2014) Highly siderophile elements in Earth’s
mantle as a clock for the Moon-forming impact. Nature508:84–87
Jin S Mordasini C (2018) Compositional Imprints in Density–Distance–Time: A Rocky Com-
position for Close-in Low-mass Exoplanets from the Location of the Valley of Evaporation.
ApJ853:163
Johansen A Lacerda P (2010) Prograde rotation of protoplanets by accretion of pebbles in a gaseous
environment. MNRAS404:475–485
Formation of Terrestrial Planets 49
Johansen A Lambrechts M (2017) Forming Planets via Pebble Accretion. Annual Review of Earth
and Planetary Sciences 45:359–387
Johansen A Youdin A (2007) Protoplanetary Disk Turbulence Driven by the Streaming Instability:
Nonlinear Saturation and Particle Concentration. ApJ662:627–641
Johansen A, Oishi JS, Mac Low MM et al. (2007) Rapid planetesimal formation in turbulent cir-
cumstellar disks. Nature448:1022–1025
Johansen A, Youdin A Mac Low MM (2009) Particle Clumping and Planetesimal Formation De-
pend Strongly on Metallicity. ApJ704:L75–L79
Johansen A, Davies MB, Church RP Holmelin V (2012a) Can Planetary Instability Explain the
Kepler Dichotomy? ApJ758:39
Johansen A, Youdin AN Lithwick Y (2012b) Adding particle collisions to the formation of aster-
oids and Kuiper belt objects via streaming instabilities. A&A537:A125
Johansen A, Youdin AN Lithwick Y (2012c) Adding particle collisions to the formation of aster-
oids and Kuiper belt objects via streaming instabilities. A&A537:A125
Johansen A, Blum J, Tanaka H et al. (2014) The Multifaceted Planetesimal Formation Process.
Protostars and Planets VI pp 547–570
Johansen A, Mac Low MM, Lacerda P Bizzarro M (2015) Growth of asteroids, planetary embryos,
and Kuiper belt objects by chondrule accretion. Science Advances 1:1500109
Johnson BC, Minton DA, Melosh HJ Zuber MT (2015) Impact jetting as the origin of chondrules.
Nature517:339–341
Johnson JA, Butler RP, Marcy GW et al. (2007) A New Planet around an M Dwarf: Revealing a
Correlation between Exoplanets and Stellar Mass. ApJ670:833–840
Juric´ M Tremaine S (2008) Dynamical Origin of Extrasolar Planet Eccentricity Distribution.
ApJ686:603-620
Kaib NA Chambers JE (2016) The fragility of the terrestrial planets during a giant-planet instabil-
ity. MNRAS455:3561–3569
Kaib NA Cowan NB (2015) The feeding zones of terrestrial planets and insights into Moon forma-
tion. Icarus252:161–174
Kasting JF Pollack JB (1983) Loss of water from Venus. I - Hydrodynamic escape of hydrogen.
Icarus53:479–508
Kenyon SJ Bromley BC (2004) Collisional Cascades in Planetesimal Disks. II. Embedded Planets.
AJ127:513–530
Kenyon SJ Bromley BC (2006) Terrestrial Planet Formation. I. The Transition from Oligarchic
Growth to Chaotic Growth. AJ131:1837–1850
Kenyon SJ Bromley BC (2009) Rapid Formation of Icy Super-Earths and the Cores of Gas Giant
Planets. ApJ690:L140–L143
Kenyon SJ Hartmann L (1987) Spectral energy distributions of T Tauri stars - Disk flaring and
limits on accretion. ApJ323:714–733
Kenyon SJ Luu JX (1999) Accretion in the Early Kuiper Belt. II. Fragmentation. AJ118:1101–1119
Kleine T, Touboul M, Bourdon B et al. (2009) Hf-W chronology of the accretion and early evolu-
tion of asteroids and terrestrial planets. Geochim Cosmochim Acta73:5150–5188
Kley W Crida A (2008) Migration of protoplanets in radiative discs. A&A487:L9–L12
Kley W Nelson RP (2012) Planet-Disk Interaction and Orbital Evolution. ARA&A50:211–249
Kley W, Bitsch B Klahr H (2009) Planet migration in three-dimensional radiative discs.
A&A506:971–987
Kobayashi H, Tanaka H, Krivov AV Inaba S (2010) Planetary growth with collisional fragmenta-
tion and gas drag. Icarus209:836–847
Koerner DW, Ressler ME, Werner MW Backman DE (1998) Mid-Infrared Imaging of a Circum-
stellar Disk around HR 4796: Mapping the Debris of Planetary Formation. ApJ503:L83–L87
Kokubo E Ida S (1995) Orbital evolution of protoplanets embedded in a swarm of planetesimals.
Icarus114:247–257
Kokubo E Ida S (1996) On Runaway Growth of Planetesimals. Icarus123:180–191
Kokubo E Ida S (1998) Oligarchic Growth of Protoplanets. Icarus131:171–178
50 Andre´ Izidoro and Sean N. Raymond
Kokubo E Ida S (2000) Formation of Protoplanets from Planetesimals in the Solar Nebula.
Icarus143:15–27
Kokubo E Ida S (2002) Formation of Protoplanet Systems and Diversity of Planetary Systems.
ApJ581:666–680
Kokubo E, Kominami J Ida S (2006) Formation of Terrestrial Planets from Protoplanets. I. Statis-
tics of Basic Dynamical Properties. ApJ642:1131–1139
Kominami J Ida S (2004) Formation of terrestrial planets in a dissipating gas disk with Jupiter and
Saturn. Icarus167:231–243
Kopparapu RK (2013) A Revised Estimate of the Occurrence Rate of Terrestrial Planets in the
Habitable Zones around Kepler M-dwarfs. ApJ767:L8
Kothe S, Gu¨ttler C Blum J (2010) The Physics of Protoplanetesimal Dust Agglomerates. V.
Multiple Impacts of Dusty Agglomerates at Velocities Above the Fragmentation Threshold.
ApJ725:1242–1251
Kretke KA Lin DNC (2007) Grain Retention and Formation of Planetesimals near the Snow Line
in MRI-driven Turbulent Protoplanetary Disks. ApJ664:L55–L58
Krijt S, Ormel CW, Dominik C Tielens AGGM (2015) Erosion and the limits to planetesimal
growth. A&A574:A83
Krijt S, Ormel CW, Dominik C Tielens AGGM (2016) A panoptic model for planetesimal forma-
tion and pebble delivery. A&A586:A20
Krivov AV (2010) Debris disks: seeing dust, thinking of planetesimals and planets. Research in
Astronomy and Astrophysics 10:383–414
Kruijer TS, Sprung P, Kleine T et al. (2012) Hf-W chronometry of core formation in planetesimals
inferred from weakly irradiated iron meteorites. Geochim Cosmochim Acta99:287–304
Kurokawa H, Sato M, Ushioda M et al. (2014) Evolution of water reservoirs on Mars: Constraints
from hydrogen isotopes in martian meteorites. Earth and Planetary Science Letters 394:179–
185
Lambrechts M Johansen A (2012a) Rapid growth of gas-giant cores by pebble accretion.
A&A544:A32
Lambrechts M Johansen A (2012b) Rapid growth of gas-giant cores by pebble accretion.
A&A544:A32
Lambrechts M Johansen A (2014) Forming the cores of giant planets from the radial pebble flux
in protoplanetary discs. A&A572:A107
Lambrechts M Lega E (2017) Reduced gas accretion on super-Earths and ice giants.
A&A606:A146
Lambrechts M, Johansen A Morbidelli A (2014) Separating gas-giant and ice-giant planets by
halting pebble accretion. A&A572:A35
Laskar J (1997) Large scale chaos and the spacing of the inner planets. A&A317:L75–L78
Latham DW, Rowe JF, Quinn SN et al. (2011) A First Comparison of Kepler Planet Candidates in
Single and Multiple Systems. ApJ732:L24
Lawrence DJ, Feldman WC, Goldsten JO et al. (2013) Evidence for Water Ice Near Mercury’s
North Pole from MESSENGER Neutron Spectrometer Measurements. Science 339:292
Lecar M Aarseth SJ (1986) A numerical simulation of the formation of the terrestrial planets.
ApJ305:564–579
Lecar M, Podolak M, Sasselov D Chiang E (2006) On the Location of the Snow Line in a Proto-
planetary Disk. ApJ640:1115–1118
Le´cuyer C, Gillet P Robert F (1998) The hydrogen isotope composition of seawater and the global
water cycle. Chemical Geology 145:249–261
Lee EJ Chiang E (2016) Breeding Super-Earths and Birthing Super-puffs in Transitional Disks.
ApJ817:90
Lee EJ, Chiang E Ormel CW (2014) Make Super-Earths, Not Jupiters: Accreting Nebular Gas onto
Solid Cores at 0.1 AU and Beyond. ApJ797:95
Leinhardt ZM (2008) Terrestrial Planet Formation: A Review and Current Directions. In: Fischer
D, Rasio FA, Thorsett SE Wolszczan A (eds) Extreme Solar Systems, Astronomical Society of
the Pacific Conference Series, vol 398, p 225
Formation of Terrestrial Planets 51
Leinhardt ZM Richardson DC (2005) Planetesimals to Protoplanets. I. Effect of Fragmentation on
Terrestrial Planet Formation. ApJ625:427–440
Leinhardt ZM, Richardson DC, Lufkin G Haseltine J (2009) Planetesimals to protoplanets - II.
Effect of debris on terrestrial planet formation. MNRAS396:718–728
Levison HF, Thommes E Duncan MJ (2010) Modeling the Formation of Giant Planet Cores. I.
Evaluating Key Processes. AJ139:1297–1314
Levison HF, Morbidelli A, Tsiganis K, Nesvorny´ D Gomes R (2011) Late Orbital Instabilities in
the Outer Planets Induced by Interaction with a Self-gravitating Planetesimal Disk. AJ142:152
Levison HF, Duncan MJ Thommes E (2012) A Lagrangian Integrator for Planetary Accretion and
Dynamics (LIPAD). AJ144:119
Levison HF, Kretke KA Duncan MJ (2015a) Growing the gas-giant planets by the gradual accu-
mulation of pebbles. Nature524:322–324
Levison HF, Kretke KA, Walsh KJ Bottke WF (2015b) Growing the terrestrial planets from the
gradual accumulation of sub-meter sized objects. Proceedings of the National Academy of
Science 112:14,180–14,185
Lichtenberg T, Golabek GJ, Dullemond CP et al. (2017) Impact splash chondrule formation during
planetesimal recycling. ArXiv e-prints
Lin DNC Ida S (1997) On the Origin of Massive Eccentric Planets. ApJ477:781–+
Lin DNC Papaloizou J (1986) On the tidal interaction between protoplanets and the protoplanetary
disk. III - Orbital migration of protoplanets. ApJ309:846–857
Lin DNC, Bodenheimer P Richardson DC (1996) Orbital migration of the planetary companion of
51 Pegasi to its present location. Nature380:606–607
Lin MK Youdin AN (2015) Cooling Requirements for the Vertical Shear Instability in Protoplan-
etary Disks. ApJ811:17
Lineweaver CH, Fenner Y Gibson BK (2004) The Galactic Habitable Zone and the Age Distribu-
tion of Complex Life in the Milky Way. Science 303:59–62
Lissauer JJ (1987) Timescales for planetary accretion and the structure of the protoplanetary disk.
Icarus69:249–265
Lissauer JJ (1993) Planet formation. ARA&A31:129–174
Lissauer JJ (2007) Planets Formed in Habitable Zones of M Dwarf Stars Probably Are Deficient
in Volatiles. ApJ660:L149–L152
Lissauer JJ, Fabrycky DC, Ford EB et al. (2011a) A closely packed system of low-mass, low-
density planets transiting Kepler-11. Nature470:53–58
Lissauer JJ, Ragozzine D, Fabrycky DC et al. (2011b) Architecture and Dynamics of Kepler’s
Candidate Multiple Transiting Planet Systems. ApJS197:8
Lissauer JJ, Jontof-Hutter D, Rowe JF et al. (2013) All Six Planets Known to Orbit Kepler-11 Have
Low Densities. ApJ770:131
Lodders K (2003) Solar System Abundances and Condensation Temperatures of the Elements.
ApJ591:1220–1247
Lopez ED (2017) Born dry in the photoevaporation desert: Kepler’s ultra-short-period planets
formed water-poor. MNRAS472:245–253
Lopez ED Fortney JJ (2014) Understanding the Mass-Radius Relation for Sub-neptunes: Radius
as a Proxy for Composition. ApJ792:1
Lopez ED Rice K (2016) Predictions for the Period Dependence of the Transition Between Rocky
Super-Earths and Gaseous Sub-Neptunes and Implications for η ⊕. ArXiv e-prints
Lovis C Mayor M (2007) Planets around evolved intermediate-mass stars. I. Two substellar com-
panions in the open clusters NGC 2423 and NGC 4349. A&A472:657–664
Luger R, Sestovic M, Kruse E et al. (2017) A seven-planet resonant chain in TRAPPIST-1. Nature
Astronomy 1:0129
Lykawka PS Ito T (2013) Terrestrial Planet Formation during the Migration and Resonance Cross-
ings of the Giant Planets. ApJ773:65
Lykawka PS Ito T (2017) Terrestrial Planet Formation: Constraining the Formation of Mercury.
ApJ838:106
52 Andre´ Izidoro and Sean N. Raymond
Lyra W Klahr H (2011) The baroclinic instability in the context of layered accretion. Self-sustained
vortices and their magnetic stability in local compressible unstratified models of protoplanetary
disks. A&A527:A138
Lyra W, Johansen A, Klahr H Piskunov N (2008a) Embryos grown in the dead zone. Assembling
the first protoplanetary cores in low mass self-gravitating circumstellar disks of gas and solids.
A&A491:L41–L44
Lyra W, Johansen A, Klahr H Piskunov N (2008b) Global magnetohydrodynamical models of
turbulence in protoplanetary disks. I. A cylindrical potential on a Cartesian grid and transport
of solids. A&A479:883–901
Lyra W, Johansen A, Klahr H Piskunov N (2009) Standing on the shoulders of giants. Trojan
Earths and vortex trapping in low mass self-gravitating protoplanetary disks of gas and solids.
A&A493:1125–1139
Lyra W, Paardekooper SJ Mac Low MM (2010) Orbital Migration of Low-mass Planets in Evolu-
tionary Radiative Models: Avoiding Catastrophic Infall. ApJ715:L68–L73
Mamajek EE (2009) Initial Conditions of Planet Formation: Lifetimes of Primordial Disks. In:
Usuda T, Tamura M Ishii M (eds) American Institute of Physics Conference Series, American
Institute of Physics Conference Series, vol 1158, pp 3–10, DOI 10.1063/1.3215910
Mandell AM, Raymond SN Sigurdsson S (2007) Formation of Earth-like Planets During and After
Giant Planet Migration. ApJ660:823–844
Marcy GW, Isaacson H, Howard AW et al. (2014) Masses, Radii, and Orbits of Small Kepler
Planets: The Transition from Gaseous to Rocky Planets. ApJS210:20
Martin RG Livio M (2012) On the evolution of the snow line in protoplanetary discs.
MNRAS425:L6–L9
Martin RG Livio M (2015) The Solar System as an Exoplanetary System. ApJ810:105
Marty B (2012) The origins and concentrations of water, carbon, nitrogen and noble gases on Earth.
Earth and Planetary Science Letters 313:56–66
Marty B Yokochi R (2006) Water in the early earth. Reviews in Mineralogy and Geochemistry
62(1):421, URL +http://dx.doi.org/10.2138/rmg.2006.62.18
Marty B, Avice G, Sano Y et al. (2016) Origins of volatile elements (H, C, N, noble gases) on Earth
and Mars in light of recent results from the ROSETTA cometary mission. Earth and Planetary
Science Letters 441:91–102
Marzari F (2014) Impact of planet-planet scattering on the formation and survival of debris discs.
MNRAS444:1419–1424
Masset F Snellgrove M (2001) Reversing type II migration: resonance trapping of a lighter giant
protoplanet. MNRAS320:L55–L59
Masset FS Papaloizou JCB (2003) Runaway Migration and the Formation of Hot Jupiters.
ApJ588:494–508
Masset FS, Morbidelli A, Crida A Ferreira J (2006) Disk Surface Density Transitions as Proto-
planet Traps. ApJ642:478–487
Matsumura S, Ida S Nagasawa M (2013) Effects of Dynamical Evolution of Giant Planets on
Survival of Terrestrial Planets. ApJ767:129
Mayor M, Marmier M, Lovis C et al. (2011a) The HARPS search for southern extra-solar planets
XXXIV. Occurrence, mass distribution and orbital properties of super-Earths and Neptune-
mass planets. ArXiv e-prints
Mayor M, Marmier M, Lovis C et al. (2011b) The HARPS search for southern extra-solar planets
XXXIV. Occurrence, mass distribution and orbital properties of super-Earths and Neptune-
mass planets. arXiv:11092497
McKee CF Ostriker EC (2007) Theory of Star Formation. ARA&A45:565–687
McNeil DS Nelson RP (2010) On the formation of hot Neptunes and super-Earths.
MNRAS401:1691–1708
Mills SM, Fabrycky DC, Migaszewski C et al. (2016) A resonant chain of four transiting, sub-
Neptune planets. Nature533:509–512
Mizuno H (1980) Formation of the Giant Planets. Progress of Theoretical Physics 64:544–557
Formation of Terrestrial Planets 53
Moorhead AV Adams FC (2005) Giant planet migration through the action of disk torques and
planet planet scattering. Icarus 178:517–539
Morbidelli A Crida A (2007) The dynamics of Jupiter and Saturn in the gaseous protoplanetary
disk. Icarus191:158–171
Morbidelli A Nesvorny D (2012) Dynamics of pebbles in the vicinity of a growing planetary em-
bryo: hydro-dynamical simulations. A&A546:A18
Morbidelli A Raymond SN (2016) Challenges in planet formation. Journal of Geophysical Re-
search (Planets) 121:1962–1980
Morbidelli A, Chambers J, Lunine JI et al. (2000) Source regions and time scales for the delivery
of water to Earth. Meteoritics and Planetary Science 35:1309–1320
Morbidelli A, Levison HF, Tsiganis K Gomes R (2005) Chaotic capture of Jupiter’s Trojan aster-
oids in the early Solar System. Nature435:462–465
Morbidelli A, Tsiganis K, Crida A, Levison HF Gomes R (2007) Dynamics of the Giant Planets
of the Solar System in the Gaseous Protoplanetary Disk and Their Relationship to the Current
Orbital Architecture. AJ134:1790–1798
Morbidelli A, Bottke WF, Nesvorny´ D Levison HF (2009) Asteroids were born big. Icarus204:558–
573
Morbidelli A, Lunine JI, O’Brien DP, Raymond SN Walsh KJ (2012) Building Terrestrial Planets.
Annual Review of Earth and Planetary Sciences 40:251–275
Morbidelli A, Lambrechts M, Jacobson S Bitsch B (2015a) The great dichotomy of the Solar
System: Small terrestrial embryos and massive giant planet cores. Icarus258:418–429
Morbidelli A, Lambrechts M, Jacobson S Bitsch B (2015b) The great dichotomy of the Solar
System: Small terrestrial embryos and massive giant planet cores. Icarus 258:418–429
Morbidelli A, Walsh KJ, O’Brien DP, Minton DA Bottke WF (2015c) The Dynamical Evolution
of the Asteroid Belt, pp 493–507. DOI 10.2458/azu uapress 9780816532131-ch026
Morbidelli A, Bitsch B, Crida A et al. (2016) Fossilized condensation lines in the Solar System
protoplanetary disk. Icarus267:368–376
Morbidelli A, Nesvorny D, Laurenz V et al. (2018) The timeline of the Lunar bombardment -
revisited. ArXiv e-prints
Moriarty J Fischer D (2015) Building Massive Compact Planetesimal Disks from the Accretion of
Pebbles. ApJ809:94
Morishima R (2015) A particle-based hybrid code for planet formation. Icarus260:368–395
Morishima R (2017) Onset of oligarchic growth and implication for accretion histories of dwarf
planets. Icarus281:459–475
Morishima R, Schmidt MW, Stadel J Moore B (2008) Formation and Accretion History of Terres-
trial Planets from Runaway Growth through to Late Time: Implications for Orbital Eccentricity.
ApJ685:1247-1261
Morishima R, Stadel J Moore B (2010) From planetesimals to terrestrial planets: N-body simula-
tions including the effects of nebular gas and giant planets. Icarus207:517–535
Moro-Martı´n A, Marshall JP, Kennedy G et al. (2015) Does the Presence of Planets Affect the
Frequency and Properties of Extrasolar Kuiper Belts? Results from the Herschel Debris and
Dunes Surveys. ApJ801:143
Morris MA Desch SJ (2010) Thermal Histories of Chondrules in Solar Nebula Shocks.
ApJ722:1474–1494
Mulders GD, Pascucci I Apai D (2015a) A Stellar-mass-dependent Drop in Planet Occurrence
Rates. ApJ798:112
Mulders GD, Pascucci I Apai D (2015b) An Increase in the Mass of Planetary Systems around
Lower-mass Stars. ApJ814:130
Nagasawa M, Ida S Bessho T (2008) Formation of Hot Planets by a Combination of Planet Scat-
tering, Tidal Circularization, and the Kozai Mechanism. ApJ678:498–508
Najita JR, Carr JS, Glassgold AE Valenti JA (2007) Gaseous Inner Disks. Protostars and Planets V
pp 507–522
Nakagawa Y, Sekiya M Hayashi C (1986) Settling and growth of dust particles in a laminar phase
of a low-mass solar nebula. Icarus67:375–390
54 Andre´ Izidoro and Sean N. Raymond
Natta A, Testi L, Calvet N et al. (2007) Dust in Protoplanetary Disks: Properties and Evolution.
Protostars and Planets V pp 767–781
Nelson RP, Gressel O Umurhan OM (2013) Linear and non-linear evolution of the vertical shear
instability in accretion discs. MNRAS435:2610–2632
Nesvorny´ D Morbidelli A (2012) Statistical Study of the Early Solar System’s Instability with
Four, Five, and Six Giant Planets. AJ144:117
Nimmo F Kleine T (2007) How rapidly did Mars accrete? Uncertainties in the Hf W timing of core
formation. Icarus191:497–504
Nomura H, Tsukagoshi T, Kawabe R et al. (2016) ALMA Observations of a Gap and a Ring in the
Protoplanetary Disk around TW Hya. ApJ819:L7
Nomura R, Hirose K, Uesugi K et al. (2014) Low Core-Mantle Boundary Temperature Inferred
from the Solidus of Pyrolite. Science 343:522–525
O’Brien DP, Morbidelli A Levison HF (2006) Terrestrial planet formation with strong dynamical
friction. Icarus184:39–58
O’Brien DP, Walsh KJ, Morbidelli A, Raymond SN Mandell AM (2014) Water delivery and giant
impacts in the ’Grand Tack’ scenario. Icarus239:74–84
O’Brien DP, Izidoro A, Jacobson SA, Raymond SN Rubie DC (2018) The Delivery of Water
During Terrestrial Planet Formation. ArXiv e-prints
O’dell CR Wen Z (1994) Postrefurbishment mission Hubble Space Telescope images of the core
of the Orion Nebula: Proplyds, Herbig-Haro objects, and measurements of a circumstellar disk.
ApJ436:194–202
Ogihara M Ida S (2009) N-Body Simulations of Planetary Accretion Around M Dwarf Stars.
ApJ699:824–838
Ogihara M, Morbidelli A Guillot T (2015) A reassessment of the in situ formation of close-in
super-Earths. A&A578:A36
Okuzumi S (2009) Electric Charging of Dust Aggregates and its Effect on Dust Coagulation in
Protoplanetary Disks. ApJ698:1122-1135
Okuzumi S, Tanaka H, Kobayashi H Wada K (2012) Rapid Coagulation of Porous Dust Aggregates
outside the Snow Line: A Pathway to Successful Icy Planetesimal Formation. ApJ752:106
Ormel CW Klahr HH (2010) The effect of gas drag on the growth of protoplanets. Analytical
expressions for the accretion of small bodies in laminar disks. A&A520:A43
Ormel CW, Spaans M Tielens AGGM (2007) Dust coagulation in protoplanetary disks: porosity
matters. A&A461:215–232
Ormel CW, Dullemond CP Spaans M (2010a) A New Condition for the Transition from Runaway
to Oligarchic Growth. ApJ714:L103–L107
Ormel CW, Dullemond CP Spaans M (2010b) Accretion among preplanetary bodies: The many
faces of runaway growth. Icarus210:507–538
Owen JE Wu Y (2013) Kepler Planets: A Tale of Evaporation. ApJ775:105
Owen JE Wu Y (2017) The Evaporation Valley in the Kepler Planets. ApJ847:29
Owen T, Maillard JP, de Bergh C Lutz BL (1988) Deuterium on Mars - The abundance of HDO
and the value of D/H. Science 240:1767–1770
Paardekooper SJ Mellema G (2006) Halting type I planet migration in non-isothermal disks.
A&A459:L17–L20
Paardekooper SJ Mellema G (2008) Growing and moving low-mass planets in non-isothermal
disks. A&A478:245–266
Paardekooper SJ Papaloizou JCB (2008) On disc protoplanet interactions in a non-barotropic disc
with thermal diffusion. A&A485:877–895
Paardekooper SJ, Baruteau C, Crida A Kley W (2010) A torque formula for non-isothermal type I
planetary migration - I. Unsaturated horseshoe drag. MNRAS401:1950–1964
Paardekooper SJ, Baruteau C Kley W (2011) A torque formula for non-isothermal Type I planetary
migration - II. Effects of diffusion. MNRAS410:293–303
Papaloizou JCB Lin DNC (1995) Theory Of Accretion Disks I: Angular Momentum Transport
Processes. ARA&A33:505–540
Formation of Terrestrial Planets 55
Papaloizou JCB Terquem C (2006) Planet formation and migration. Reports on Progress in Physics
69:119–180
Petigura EA, Howard AW Marcy GW (2013a) Prevalence of Earth-size planets orbiting Sun-like
stars. Proceedings of the National Academy of Science 110:19,273–19,278
Petigura EA, Howard AW Marcy GW (2013b) Prevalence of Earth-size planets orbiting Sun-like
stars. Proceedings of the National Academy of Science 110:19,273–19,278
Petit JM, Morbidelli A Chambers J (2001) The Primordial Excitation and Clearing of the Asteroid
Belt. Icarus153:338–347
Petit JM, Chambers J, Franklin F Nagasawa M (2002) Primordial Excitation and Depletion of the
Main Belt, pp 711–723
Pierens A Nelson RP (2008) On the formation and migration of giant planets in circumbinary discs.
A&A483:633–642
Pierens A Raymond SN (2011) Two phase, inward-then-outward migration of Jupiter and Saturn
in the gaseous solar nebula. A&A533:A131
Pierens A, Raymond SN, Nesvorny D Morbidelli A (2014) Outward Migration of Jupiter and
Saturn in 3:2 or 2:1 Resonance in Radiative Disks: Implications for the Grand Tack and Nice
models. ApJ795:L11
Pollack JB, Hubickyj O, Bodenheimer P et al. (1996) Formation of the Giant Planets by Concurrent
Accretion of Solids and Gas. Icarus124:62–85
Poppe T, Blum J Henning T (2000) Experiments on Collisional Grain Charging of Micron-sized
Preplanetary Dust. ApJ533:472–480
Raettig N, Lyra W Klahr H (2013) A Parameter Study for Baroclinic Vortex Amplification.
ApJ765:115
Rafikov RR (2003a) Planetesimal Disk Evolution Driven by Embryo-Planetesimal Gravitational
Scattering. AJ125:922–941
Rafikov RR (2003b) Planetesimal Disk Evolution Driven by Planetesimal-Planetesimal Gravita-
tional Scattering. AJ125:906–921
Rafikov RR (2003c) The Growth of Planetary Embryos: Orderly, Runaway, or Oligarchic?
AJ125:942–961
Rafikov RR (2004) Fast Accretion of Small Planetesimals by Protoplanetary Cores. AJ128:1348–
1363
Rasio FA Ford EB (1996) Dynamical instabilities and the formation of extrasolar planetary sys-
tems. Science 274:954–956
Rauch KP Hamilton DP (2002) The HNBody Package for Symplectic Integration of Nearly-
Keplerian Systems. In: AAS/Division of Dynamical Astronomy Meeting #33, Bulletin of the
American Astronomical Society, vol 34, p 938
Raymond SN Cossou C (2014) No universal minimum-mass extrasolar nebula: evidence against
in situ accretion of systems of hot super-Earths. MNRAS440:L11–L15
Raymond SN Izidoro A (2017a) Origin of water in the inner Solar System: Planetesimals scattered
inward during Jupiter and Saturn’s rapid gas accretion. Icarus297:134–148
Raymond SN Izidoro A (2017b) The empty primordial asteroid belt. Science Advances
3:e1701,138
Raymond SN Morbidelli A (2014) The Grand Tack model: a critical review. In: Complex Planetary
Systems, Proceedings of the International Astronomical Union, IAU Symposium, vol 310, pp
194–203, DOI 10.1017/S1743921314008254
Raymond SN, Quinn T Lunine JI (2004) Making other earths: dynamical simulations of terrestrial
planet formation and water delivery. Icarus168:1–17
Raymond SN, Quinn T Lunine JI (2005) Terrestrial Planet Formation in Disks with Varying Sur-
face Density Profiles. ApJ632:670–676
Raymond SN, Mandell AM Sigurdsson S (2006a) Exotic Earths: Forming Habitable Worlds with
Giant Planet Migration. Science 313:1413–1416
Raymond SN, Quinn T Lunine JI (2006b) High-resolution simulations of the final assembly of
Earth-like planets I. Terrestrial accretion and dynamics. Icarus183:265–282
56 Andre´ Izidoro and Sean N. Raymond
Raymond SN, Quinn T Lunine JI (2007a) High-Resolution Simulations of The Final Assembly of
Earth-Like Planets. 2. Water Delivery And Planetary Habitability. Astrobiology 7:66–84
Raymond SN, Scalo J Meadows VS (2007b) A Decreased Probability of Habitable Planet Forma-
tion around Low-Mass Stars. ApJ669:606–614
Raymond SN, Barnes R Mandell AM (2008) Observable consequences of planet formation models
in systems with close-in terrestrial planets. MNRAS384:663–674
Raymond SN, O’Brien DP, Morbidelli A Kaib NA (2009) Building the terrestrial planets: Con-
strained accretion in the inner Solar System. Icarus203:644–662
Raymond SN, Armitage PJ Gorelick N (2010a) Planet-Planet Scattering in Planetesimal Disks. II.
Predictions for Outer Extrasolar Planetary Systems. ApJ711:772–795
Raymond SN, Armitage PJ Gorelick N (2010b) Planet-Planet Scattering in Planetesimal Disks. II.
Predictions for Outer Extrasolar Planetary Systems. ApJ711:772–795
Raymond SN, Armitage PJ, Moro-Martı´n A et al. (2011) Debris disks as signposts of terrestrial
planet formation. A&A530:A62
Raymond SN, Armitage PJ, Moro-Martı´n A et al. (2012) Debris disks as signposts of terrestrial
planet formation. II. Dependence of exoplanet architectures on giant planet and disk properties.
A&A541:A11
Raymond SN, Kokubo E, Morbidelli A, Morishima R Walsh KJ (2014) Terrestrial Planet Forma-
tion at Home and Abroad. Protostars and Planets VI pp 595–618
Raymond SN, Izidoro A, Bitsch B Jacobson SA (2016) Did Jupiter’s core form in the innermost
parts of the Sun’s protoplanetary disc? MNRAS458:2962–2972
Raymond SN, Armitage PJ, Veras D, Quintana EV Barclay T (2017) Implications of the interstellar
object 1I/’Oumuamua for planetary dynamics and planetesimal formation. ArXiv e-prints
Rein H Spiegel DS (2015) IAS15: a fast, adaptive, high-order integrator for gravitational dynamics,
accurate to machine precision over a billion orbits. MNRAS446:1424–1437
Rein H Tamayo D (2015) WHFAST: a fast and unbiased implementation of a symplectic Wisdom-
Holman integrator for long-term gravitational simulations. MNRAS452:376–388
Rein H, Lesur G Leinhardt ZM (2010) The validity of the super-particle approximation during
planetesimal formation. A&A511:A69
Ricci L, Testi L, Natta A et al. (2010) Dust properties of protoplanetary disks in the Taurus-Auriga
star forming region from millimeter wavelengths. A&A512:A15
Richardson DC, Quinn T, Stadel J Lake G (2000) Direct Large-Scale N-Body Simulations of Plan-
etesimal Dynamics. Icarus143:45–59
Rodmann J, Henning T, Chandler CJ, Mundy LG Wilner DJ (2006) Large dust particles in disks
around T Tauri stars. A&A446:211–221
Rogers LA (2015) Most 1.6 Earth-radius Planets are Not Rocky. ApJ801:41
Romanova MM, Ustyugova GV, Koldoba AV, Wick JV Lovelace RVE (2003) Three-dimensional
Simulations of Disk Accretion to an Inclined Dipole. I. Magnetospheric Flows at Different Θ .
ApJ595:1009–1031
Romanova MM, Ustyugova GV, Koldoba AV Lovelace RVE (2004) Three-dimensional Simula-
tions of Disk Accretion to an Inclined Dipole. II. Hot Spots and Variability. ApJ610:920–932
Romanova MM, Kulkarni AK Lovelace RVE (2008) Unstable Disk Accretion onto Magnetized
Stars: First Global Three-dimensional Magnetohydrodynamic Simulations. ApJ673:L171
Rowan D, Meschiari S, Laughlin G et al. (2016) The Lick-Carnegie Exoplanet Survey: HD 32963
— A New Jupiter Analog Orbiting a Sun-like Star. ApJ817:104
Safronov VS (1972) Evolution of the protoplanetary cloud and formation of the earth and planets.
Saha P Tremaine S (1994) Long-term planetary integration with individual time steps.
AJ108:1962–1969
Sato T, Okuzumi S Ida S (2016) On the water delivery to terrestrial embryos by ice pebble accre-
tion. A&A589:A15
Scha¨fer U, Yang CC Johansen A (2017) Initial mass function of planetesimals formed by the
streaming instability. A&A597:A69
Scheinberg A, Fu RR, Elkins-Tanton LT Weiss BP (2015) Asteroid Differentiation: Melting and
Large-Scale Structure, pp 533–552. DOI 10.2458/azu uapress 9780816532131-ch028
Formation of Terrestrial Planets 57
Schlaufman KC (2014) Tests of in situ Formation Scenarios for Compact Multiplanet Systems.
ApJ790:91
Schlichting HE (2014) Formation of Close in Super-Earths and Mini-Neptunes: Required Disk
Masses and their Implications. ApJ795:L15
Schlichting HE Sari R (2011) Runaway Growth During Planet Formation: Explaining the Size
Distribution of Large Kuiper Belt Objects. ApJ728:68
Schlichting HE, Fuentes CI Trilling DE (2013) Initial Planetesimal Sizes and the Size Distribution
of Small Kuiper Belt Objects. AJ146:36
Schneider G, Smith BA, Becklin EE et al. (1999) NICMOS Imaging of the HR 4796A Circumstel-
lar Disk. ApJ513:L127–L130
Scott ERD (2007) Chondrites and the Protoplanetary Disk. Annual Review of Earth and Planetary
Sciences 35:577–620
Scott ERD Krot AN (2014) Chondrites and Their Components, pp 65–137
Scott ERD Taylor GJ (1983) Chondrules and other components in C, O, and E chondrites: similar-
ities in their properties and origins. J Geophys Res88:B275–B286
Selsis F, Chazelas B, Borde´ P et al. (2007) Could we identify hot ocean-planets with CoRoT, Kepler
and Doppler velocimetry? Icarus 191:453–468
Shi JM Chiang E (2013) From Dust to Planetesimals: Criteria for Gravitational Instability of Small
Particles in Gas. ApJ764:20
Shu FH, Adams FC Lizano S (1987) Star formation in molecular clouds - Observation and theory.
ARA&A25:23–81
Shu FH, Shang H, Gounelle M, Glassgold AE Lee T (2001) The Origin of Chondrules and Refrac-
tory Inclusions in Chondritic Meteorites. ApJ548:1029–1050
Simon JB, Armitage PJ, Li R Youdin AN (2016) The Mass and Size Distribution of Planetesimals
Formed by the Streaming Instability. I. The Role of Self-gravity. ApJ822:55
Sirono Si (2011) Planetesimal Formation Induced by Sintering. ApJ733:L41
Smith BA Terrile RJ (1984) A circumstellar disk around Beta Pictoris. Science 226:1421–1424
Spaute D, Weidenschilling SJ, Davis DR Marzari F (1991) Accretional evolution of a planetesimal
swarm. I - A new simulation. Icarus92:147–164
Squire J Hopkins PF (2017) Resonant Drag Instabilities in protoplanetary disks: the streaming
instability and new, faster-growing instabilities. ArXiv e-prints
Steffen JH, Ragozzine D, Fabrycky DC et al. (2012) Kepler constraints on planets near hot Jupiters.
Proceedings of the National Academy of Science 109:7982–7987
Stewart ST Leinhardt ZM (2009) Velocity-Dependent Catastrophic Disruption Criteria for Plan-
etesimals. ApJ691:L133–L137
Stoll MHR Kley W (2016) Particle dynamics in discs with turbulence generated by the vertical
shear instability. A&A594:A57
Takeuchi T Artymowicz P (2001) Dust Migration and Morphology in Optically Thin Circumstellar
Gas Disks. ApJ557:990–1006
Tanaka H Ida S (1997) Distribution of Planetesimals around a Protoplanet in the Nebula Gas.
Icarus125:302–316
Tanaka H Ida S (1999) Growth of a Migrating Protoplanet. Icarus 139:350–366
Tanaka H Ward WR (2004) Three-dimensional Interaction between a Planet and an Isothermal
Gaseous Disk. II. Eccentricity Waves and Bending Waves. ApJ602:388–395
Tanaka H, Takeuchi T Ward WR (2002) Three-Dimensional Interaction between a Planet and
an Isothermal Gaseous Disk. I. Corotation and Lindblad Torques and Planet Migration.
ApJ565:1257–1274
Teiser J Wurm G (2009) Decimetre dust aggregates in protoplanetary discs. A&A505:351–359
Terquem C Papaloizou JCB (2007) Migration and the Formation of Systems of Hot Super-Earths
and Neptunes. ApJ654:1110–1120
Testi L, Natta A, Shepherd DS Wilner DJ (2003) Large grains in the disk of CQ Tau. A&A403:323–
328
Testi L, Birnstiel T, Ricci L et al. (2014) Dust Evolution in Protoplanetary Disks. Protostars and
Planets VI pp 339–361
58 Andre´ Izidoro and Sean N. Raymond
Thommes EW, Duncan MJ Levison HF (2003) Oligarchic growth of giant planets. Icarus161:431–
455
Toliou A, Morbidelli A Tsiganis K (2016) Magnitude and timing of the giant planet instability: A
reassessment from the perspective of the asteroid belt. A&A592:A72
Toomre A (1964) On the gravitational stability of a disk of stars. ApJ139:1217–1238
Touboul M, Kleine T, Bourdon B, Palme H Wieler R (2007) Late formation and prolonged differ-
entiation of the Moon inferred from W isotopes in lunar metals. Nature450:1206–1209
Tremaine S Dong S (2012) The Statistics of Multi-planet Systems. AJ143:94
Tsiganis K, Gomes R, Morbidelli A Levison HF (2005) Origin of the orbital architecture of the
giant planets of the Solar System. Nature435:459–461
Udry S Santos NC (2007a) Statistical Properties of Exoplanets. ARA&A45:397–439
Udry S Santos NC (2007b) Statistical Properties of Exoplanets. ARA&A45:397–439
Umurhan OM, Nelson RP Gressel O (2016) Linear analysis of the vertical shear instability: out-
standing issues and improved solutions. A&A586:A33
van der Marel N, van Dishoeck EF, Bruderer S et al. (2013) A Major Asymmetric Dust Trap in a
Transition Disk. Science 340:1199–1202
Veras D Armitage PJ (2005) The Influence of Massive Planet Scattering on Nascent Terrestrial
Planets. ApJ620:L111–L114
Veras D Armitage PJ (2006) Predictions for the Correlation between Giant and Terrestrial Extra-
solar Planets in Dynamically Evolved Systems. ApJ645:1509–1515
Villeneuve J, Chaussidon M Libourel G (2009) Homogeneous Distribution of 26Al in the Solar
System from the Mg Isotopic Composition of Chondrules. Science 325:985
Volk K Gladman B (2015) Consolidating and Crushing Exoplanets: Did It Happen Here?
ApJ806:L26
Wada K, Tanaka H, Suyama T, Kimura H Yamamoto T (2009) Collisional Growth Conditions for
Dust Aggregates. ApJ702:1490–1501
Wakita S, Matsumoto Y, Oshino S Hasegawa Y (2017) Planetesimal Collisions as a Chondrule
Forming Event. ApJ834:125
Walsh KJ Levison HF (2016) Terrestrial Planet Formation from an Annulus. AJ152:68
Walsh KJ, Morbidelli A, Raymond SN, O’Brien DP Mandell AM (2011) A low mass for Mars
from Jupiter’s early gas-driven migration. Nature475:206–209
Walsh KJ, Morbidelli A, Raymond SN, O’Brien DP Mandell AM (2012) Populating the asteroid
belt from two parent source regions due to the migration of giant planets –“The Grand Tack”.
Meteoritics and Planetary Science 47:1941–1947
Ward W (1997) Protoplanet Migration by Nebula Tides. Icarus 126(2):261–281, URL http:
//adsabs.harvard.edu/abs/1997Icar..126..261W
Ward WR (1986) Density waves in the solar nebula - Differential Lindblad torque. Icarus 67:164–
180
Ward WR (1997) Protoplanet Migration by Nebula Tides. Icarus 126:261–281
Weidenschilling SJ (1977) The distribution of mass in the planetary system and solar nebula.
Ap&SS51:153–158
Weidenschilling SJ (1980) Dust to planetesimals - Settling and coagulation in the solar nebula.
Icarus44:172–189
Weidenschilling SJ Marzari F (1996) Gravitational scattering as a possible origin for giant planets
at small stellar distances. Nature384:619–621
Weidenschilling SJ, Spaute D, Davis DR, Marzari F Ohtsuki K (1997) Accretional Evolution of a
Planetesimal Swarm. Icarus128:429–455
Weiss BP Elkins-Tanton LT (2013) Differentiated Planetesimals and the Parent Bodies of Chon-
drites. Annual Review of Earth and Planetary Sciences 41:529–560
Weiss LM Marcy GW (2014) The Mass-Radius Relation for 65 Exoplanets Smaller than 4 Earth
Radii. ApJ783:L6
Weiss LM, Marcy GW, Rowe JF et al. (2013) The Mass of KOI-94d and a Relation for Planet
Radius, Mass, and Incident Flux. ApJ768:14
Formation of Terrestrial Planets 59
Weiss LM, Marcy GW, Petigura EA et al. (2018) The California-Kepler Survey. V. Peas in a Pod:
Planets in a Kepler Multi-planet System Are Similar in Size and Regularly Spaced. AJ155:48
Wetherill GW (1978) Accumulation of the terrestrial planets. In: Gehrels T (ed) IAU Colloq. 52:
Protostars and Planets, pp 565–598
Wetherill GW (1986) Accumulation of the terrestrial planets and implications concerning lunar
origin. In: Hartmann WK, Phillips RJ Taylor GJ (eds) Origin of the Moon, pp 519–550
Wetherill GW (1990) Formation of the earth. Annual Review of Earth and Planetary Sciences
18:205–256
Wetherill GW (1991) Why Isn’t Mars as Big as Earth? In: Lunar and Planetary Science Conference,
Lunar and Planetary Science Conference, vol 22
Wetherill GW (1996) The Formation and Habitability of Extra-Solar Planets. Icarus119:219–238
Wetherill GW Stewart GR (1989) Accumulation of a swarm of small planetesimals. Icarus77:330–
357
Wetherill GW Stewart GR (1993) Formation of planetary embryos - Effects of fragmentation, low
relative velocity, and independent variation of eccentricity and inclination. Icarus106:190
Whipple FL (1972) On certain aerodynamic processes for asteroids and comets. In: Elvius A (ed)
From Plasma to Planet, p 211
Williams JP Cieza LA (2011) Protoplanetary Disks and Their Evolution. ARA&A49:67–117
Wilner DJ, D’Alessio P, Calvet N, Claussen MJ Hartmann L (2005) Toward Planetesimals in the
Disk around TW Hydrae: 3.5 Centimeter Dust Emission. ApJ626:L109–L112
Windmark F, Birnstiel T, Gu¨ttler C et al. (2012a) Planetesimal formation by sweep-up: how the
bouncing barrier can be beneficial to growth. A&A540:A73
Windmark F, Birnstiel T, Ormel CW Dullemond CP (2012b) Breaking through: The effects of a
velocity distribution on barriers to dust growth. A&A544:L16
Wisdom J Holman M (1991) Symplectic maps for the n-body problem. AJ102:1528–1538
Wittenmyer RA, Butler RP, Tinney CG et al. (2016) The Anglo-Australian Planet Search XXIV:
The Frequency of Jupiter Analogs. ApJ819:28
Wolfgang A, Rogers LA Ford EB (2016) Probabilistic Mass-Radius Relationship for Sub-Neptune-
Sized Planets. ApJ825:19
Wright JT, Marcy GW, Howard AW et al. (2012) The Frequency of Hot Jupiters Orbiting nearby
Solar-type Stars. ApJ753:160
Wurm G, Paraskov G Krauss O (2005) Growth of planetesimals by impacts at 25 m/s.
Icarus178:253–263
Wyatt MC (2008) Evolution of Debris Disks. ARA&A46:339–383
Xu Z, Bai XN Murray-Clay RA (2017) Pebble Accretion in Turbulent Protoplanetary Disks.
ApJ847:52
Yin Q, Jacobsen SB, Yamashita K et al. (2002) A short timescale for terrestrial planet formation
from Hf-W chronometry of meteorites. Nature418:949–952
Youdin AN Goodman J (2005) Streaming Instabilities in Protoplanetary Disks. ApJ620:459–469
Youdin AN Shu FH (2002) Planetesimal Formation by Gravitational Instability. ApJ580:494–505
Zhang H Zhou JL (2010) On the Orbital Evolution of a Giant Planet Pair Embedded in a Gaseous
Disk. I. Jupiter-Saturn Configuration. ApJ714:532–548
Zsom A, Ormel CW, Gu¨ttler C, Blum J Dullemond CP (2010) The outcome of protoplane-
tary dust growth: pebbles, boulders, or planetesimals? II. Introducing the bouncing barrier.
A&A513:A57
